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Abstract
Seismic fragility analysis has been widely used to evaluate seismic capacities of structures,
systems, and components (SSCs) in nuclear power plants. In the seismic fragility analysis, a
single ground motion parameter (GMP), such as peak ground acceleration (PGA), is chosen
to characterize the Review Level Earthquake (RLE) and represent the seismic capacity of an
SSC. However, due to the use of a single GMP, problems have been observed in engineering
practice.
It is well known, from elastic structural dynamic analyses, structural responses under
earthquake excitations depend primarily on spectral accelerations at its dominant natural
frequencies. Choosing spectral accelerations at structural dominant natural frequencies as
vector-valued GMPs (VGMPs) can more accurately characterize the input RLE and more
precisely predict structural responses. The purpose of this study is to develop weighting
seismic fragility analysis method that overcomes the problems in current seismic fragility
analysis method. The proposed method mainly includes that
1. vector-valued probabilistic seismic hazard analysis (VPSHA) is performed to deter-
mine the weights of input ground response spectra (GRS);
2. seismic fragility analysis considering VGMPs method is proposed to calculate seismic
fragility based on VGMPs;
3. weights of input GRS and seismic fragility are combined to obtain the weighting
seismic fragility of an SSC.
By using VGMPs, the proposed method resolves the problems in current seismic fragility
analysis, thus it can obtain more accurate seismic capacities of safety-related SSCs. In
addition, weighting seismic fragility curves and High Confidence and Low Probability of
Failure (HCLPF) seismic capacities are represented by a single GMP such as PGA, hence
they are readily incorporated into Seismic Probabilistic Risk Analysis and Seismic Margin
Assessment (SMA).
Based on weighting seismic fragility analysis method, an improved SMA procedure is
proposed. The procedure combines the use of weighting and current seismic fragility
analysis methods, i.e.,
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§ weighting seismic fragility analysis is performed to determine HCLPF seismic capac-
ities of “weak link” SSCs, and
§ current seismic fragility analysis is conducted to calculate HCLPF seismic capacities
of less important SSCs.
This ensures that more accurate plant seismic capacity is obtained, while computational
cost is acceptable. The proposed SMA procedure can save redesign cost of “weak link” SSCs.
The proposed weighting seismic fragility analysis method is accurate and applicable,
providing more accurate seismic capacity estimates of safety-related SSCs, thus saving
redesign cost of “weak link” SSCs that do not satisfy seismic margin requirement.
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1C H A P T E R
Introduction
Nuclear facilities are designed in accordance with pertinent codes and specifications. In
recent past, beyond Design Basis Earthquake events jeopardized the design concept of
redundancy and defense in-depth related to nuclear facilities. Nuclear industry and regula-
tory commissions frequently face the issue whether modifications of existing nuclear power
plants (NPPs) are required. Accurate seismic margin or seismic risk estimates of these NPPs
are undoubtedly crucial in the decision-making.
In Section 1.1, definitions of technical terms in seismic analysis and applications are
given. In Section 1.2, key elements of Seismic Probabilistic Risk Analysis are introduced.
Section 1.3 illustrates seismic fragility analysis method and problems that are observed in
engineering practice. To resolve these problems, the objectives of this study are presented
in Section 1.4. The organization of this thesis is given in Section 1.5.
1.1 Definitions
Definitions of technical terms in seismic analysis and applications are pretty important. In
the following, critical definitions are adopted in this study:
• Earthquake: the entire phenomenon of fault rupture releasing stored strain in the
earth’s crust and propagating energy from the source in the form of vibratory waves
in all directions (McGuire, 2004).
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• Peak ground acceleration, peak ground velocity, and peak ground displacement:
peak value (acceleration, velocity, and displacement) of an earthquake ground motion.
• Seismic hazard: a property of an earthquake that can cause damage and loss. For
example, peak ground acceleration (PGA) is greater than a specified value at a specific
site. Probabilistic Seismic Hazard Analysis (PSHA) determines the frequency (the
number of events per unit time period) with which a seismic hazard will occur. It is
common to use “seismic hazard” and “frequency” interchangeably (McGuire, 2004).
• Frequency: In the PSHA, “frequency” represents the expected number of events
occurring in a time period (e.g., one year). However, in structural dynamic analysis,
natural frequency (also called “frequency”) is defined as the reciprocal of natural
period with respect to a vibration mode of a structure. Therefore, the meaning of
“frequency” should be interpreted according to specific context.
• Seismic hazard curve: a graphical curve depicting the frequency with which se-
lected values of a seismic hazard are expected to occur (or expected to be exceeded)
(McGuire, 2004).
• Structures, systems, and components: a technical term that is widely used in nuclear
power industry. Structure is the combination of members (e.g., beam, column, and
slab) connected together that can satisfy a specific purpose. For example, reactor
building container is a typical structure that isolates reactors from outside. Compo-
nents are affiliated equipments and devices in nuclear facilities. Heat exchanger is an
example of component that transfers heat produced by nuclear reaction to drive steam
turbines for electricity production. System is a combination of structures or/and com-
ponents integrated for a specific purpose. For example, emergency coolant injection
system is used to cool the heat after reactors shut down abnormally. It needs to make
clear that structures, systems, and components (SSCs) are designed to satisfy different
functions, thus there is no hierarchy in the definition of SSCs.
• Structural response: structural absolute acceleration, relative velocity, and relative
displacement varying with time when subjected to a ground motion. Here “relative”
2
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is with respect to ground motion. The structure may be a single degree-of-freedom
(SDOF) structure or a multi-degree-of-freedom (MDOF) structure.
• Spectral acceleration, spectral velocity, and spectral displacement: peak response
(absolute acceleration, relative velocity, and relative displacement) of a SDOF oscilla-
tor with a frequency when subjected to a ground motion.
• Ground response spectrum: a graphical plot of peak response (absolute acceleration,
relative velocity, and relative displacement) of a series of SDOF oscillators with varying
frequencies when subjected to the same ground motion. Statistical analyses for
historical earthquake records show that ground response spectrum (GRS) approach
PGA when frequency exceeds ∼33 Hz. In engineering practice, spectral acceleration
at 33 Hz is taken as PGA.
• Uniform hazard spectrum: a graphical plot of response of a series of SDOF oscil-
lators with varying frequencies. Uniform hazard spectrum (UHS) is obtained from
PSHA for a specific site. Given a UHS with respect to a seismic hazard, spectral
accelerations at all frequencies of engineering interest are associated with the same
seismic hazard. Since UHS is not obtained from realistic earthquake records, PGA is
not applicable in a UHS. Engineering practice recognizes that spectral acceleration at
a high frequency (e.g. 50 Hz) from a UHS can be approximately taken as PGA.
• Design Basis Earthquake: an earthquake represented by a smooth GRS or UHS. In
design practice, Design Basis Earthquake (DBE) is defined as seismic input for safety-
related nuclear facilities. It is required that, during a DBE event, reactors should safely
shut down, while cooling systems remain functional for transferring heat produced
by nuclear fuel. Examples of DBE are Regulatory Guide 1.60 design response spectra
(USNRC, 2014a) and CSA 289.3-10 design response spectra (CSA, 2010).
• Review Level Earthquake: an earthquake represented by a smooth GRS or UHS. It is
used in Seismic Margin Assessment and Seismic Probabilistic Risk Analysis, aiming
to seek out any “weak links” that limit the plant capacity to safely shut down after
a seismic event greater than DBE. An example of Review Level Earthquake (RLE) is
NUREG/CR-0098 median response spectra (USNRC, 1978).
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• Ground motion parameter: a parameter of characterizing an earthquake ground
motion or a RLE. For example, PGA, peak ground velocity, or peak ground dis-
placement is usually used to describe an earthquake ground motion, while spectral
acceleration at a specified frequency or average spectral acceleration over a frequency
range is chosen to represent a RLE. Recall that, from a RLE, spectral acceleration at a
sufficient high frequency can be taken as PGA. Therefore, in engineering applications,
PGA is also used to represent a RLE.
• Vector-valued ground motion parameters: a vector of ground motion parameters
of characterizing an earthquake ground motion or a RLE. By using vector-valued
ground motion parameters (VGMPs), the inherent variability in earthquake response
spectra is more accurately captured in vector-valued PSHA. Ground response spectra
in terms of VGMPs are defined as seismic input in seismic fragility analysis, hence
seismic fragility can be more precisely described.
• Screening level: a ground motion level in terms of a GMP such as PGA. By setting
a screening level, a great amount of unnecessary seismic capacity computations are
eliminated for SSCs whose High Confidence and Low Probability of Failure (HCLPF)
capacities clearly exceed the screening level, so that efforts can be quickly concentrate
on those SSCs for which there is a legitimate concern about seismic ruggedness.
• Aleatory randomness: the probabilistic uncertainty that is inherent in a random
phenomenon and cannot be reduced by acquiring additional data or information
(McGuire, 2004).
• Epistemic uncertainty: the uncertainty that results from lack of knowledge about
some model or parameter. This type of uncertainty can be reduced, at least concep-
tually, by additional data or improved information (McGuire, 2004).
• Uncertainty: a general term for both aleatory randomness and epistemic uncertainty
(McGuire, 2004).
• Structural capacity: an intrinsic property of a structure representing its capability to
withstand normal stress, shear stress, and bending stress. In design practice, tensile
strength, shear strength, and flexural strength are usually used to represent structural
4
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capacity. Due to uncertainty in material strength, structural capacity is a random
variable.
• Response spectrum analysis method: an approach of determining peak response
(e.g. spectral acceleration) of a structure. The seismic input is ground response
spectrum (GRS) instead of spectrum-compatible time histories. Peak response of
the structure is calculated by combining peak modal responses according to com-
bination rules such as Square-Root-of-Sum-of-Squares (SSRS) rule and 100-40-40
combination rule. Peak modal responses (e.g. spectral accelerations) corresponding
to vibration modes (each mode is related to a natural frequency) of the structure are
obtained from the input GRS.
• Seismic demand: normal stress, shear stress, and bending stress of a structure, which
are induced by an input DBE or RLE. In engineering applications, tensile force, shear
force, and bending moment are usually used to describe seismic demand. Due to
uncertainty in structural response, seismic demand is a random variable.
• Seismic capacity: a measure of structural capacity that is characterized by a single
GMP. It not only relies on structural intrinsic properties, but also depends on the
spectral shape of RLE that is used in seismic fragility analysis. For example, seismic
capacity of a heat exchanger will change when it is moved from an NPP in western
North America (WNA) to an NPP in eastern North America (ENA), because the
typical spectral shape of RLE in the WNA zone is totally different from that in the ENA
zone. The uncertainties in structural capacity and response are properly propagated
in the determination of seismic capacity, thus seismic capacity is a random variable. It
is more convenient to study the capabilities of SSCs to withstand potential earthquake
using seismic capacities, because they are represented by the same parameter (e.g.
PGA).
• Seismic fragility: a property of structure characterizing its vulnerability to withstand
a ground motion. It is defined as conditional probability of failure of an SSC given
a ground motion level in terms of single GMP such as PGA. Seismic fragility is
the cumulative distribution function (CDF) of seismic capacity. It needs to make
5
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clear that seismic fragility is not the CDF of the chosen GMP. Only when structural
capacity uncertainty and structural response uncertainty (excluding ground motion)
are ignored, seismic fragility is the CDF of the chosen GMP.
• Seismic fragility curve: a graphical curve describing the conditional probability of
failure of an SSC versus ground motion in terms of a single GMP. Based on seismic
fragility curve, a plausible conclusion is that seismic fragility is the CDF of the chosen
GMP. However, it is actually the CDF of seismic capacity.
• Seismic risk: the probability that some humans will incur loss or that their built
environment will be damaged. These probabilities usually represent a level of loss
or damage that is equaled or exceeded over some time period. The loss or damage
must be quantified; it might be a monetary loss in a defined range, the number of
casualties in a region, or the cost to repair a facility as a percentage of replacement
cost (McGuire, 2004).
1.2 Research Background
Current design practice for nuclear facilities are based on a deterministic perspective. Con-
servatism is included in each design step to achieve an adequate design related to nuclear
facilities. However, it cannot provide sufficient information to estimate actual seismic
margin or realistic seismic risk of existing nuclear power plants (NPPs).
An approach termed as Seismic Probabilistic Risk Assessment (SPRA) provides a prob-
abilistic way to quantitatively estimate seismic risk of existing NPPs. The SPRA was firstly
proposed in mid 1970s (USNRC, 1975) and has been used to estimate the seismic risk of
existing NPPs since late 1970s (Kennedy et al., 1980; Kaplan et al., 1983; Ellingwood, 1994;
Huang et al., 2011). The SPRA procedure (EPRI, 2013) mainly includes three key parts, i.e.,
• probabilistic seismic hazard analysis(PSHA),
• seismic fragility analysis (FA), and
• system analysis (also called accident sequence analysis).
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Figure 1.1 The general procedure of seismic probabilistic risk analysis
As shown in Figure 1.1, PSHA aims to obtain the site-specific seismic hazard represented
by seismic hazard curves corresponding to varying frequencies. Another product of PSHA
is uniform hazard spectrum (UHS). “Uniform” indicates that spectral accelerations at any
frequencies correspond to the same seismic hazard. UHS anchoring to a plant screening
level in terms of a ground motion parameter (GMP) is recommended to be chosen as Review
Level Earthquake (RLE) in seismic fragility analysis (EPRI, 2013).
Seismic FA aims to determine seismic fragilities of structures, systems, and components
(SSCs) in nuclear power plants (NPPs). The results are seismic fragility curves, representing
conditional probability of failure of SSCs given ground motions in terms of a single GMP.
Seismic fragilities of SSCs are used as input in system analysis.
An NPP consists of a lot of systems that are integrated by a great number of SSCs. In
engineering practice, a systematic scheme in terms of event trees and fault trees is developed
to properly propagate seismic fragilities of SSCs into plant damage state seismic fragility.
Probability of failure of an NPP due to an earthquake with magnitude above the lower
bound (e.g. m=4.75) is determined by total probability formula, i.e.,
p =
∫ ∞
0
p
F
(a) FGMP(a)da, (1.2.1)
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where p
F
(a) is plant damage state seismic fragility, and FGMP(a) is probability density
function of the GMP that is used in PSHA.
Finally, annual frequency that an adverse consequence (e.g. core damage accident) will
occur is determined by
γ = ν ·p =
∫ ∞
0
p
F
(a)[ν FGMP(a)]da = −
∫ ∞
0
p
F
(a)
dH(a)
da
da, (1.2.2)
where ν is annual rate of occurrence of earthquake above the lower bound magnitude, and
H(a) is seismic hazard at the site of interest, representing annual frequency that spectral
value a of the chosen GMP is expected to be exceeded.
In the SPRA, seismic fragility analysis is extremely important, because the failure of an
SSC probably triggers an adverse consequence. Overestimate or underestimate of seismic
fragilities of SSCs may result in unreliable plant damage state seismic fragility. Therefore,
accurate seismic fragility estimates of SSCs are crucial in estimating seismic risk of NPPs.
1.3 Seismic Fragility Analysis
1.3.1 Lognormal Fragility Model
In nuclear engineering practice, a lognormal model is widely used to determine seismic
fragilities of structures, systems, and components (SSCs) (Kennedy et al., 1980; Kennedy
and Ravindra, 1984; Pisharady and Basu, 2010; Mandal et al., 2016). Seismic fragility is
defined as the conditional probability that seismic capacity A of an SSC is less than a given
ground motion level a in terms of a single GMP (e.g. PGA), i.e.,
p
F
(a) = P{A< a ∣∣GMP = a}, A = Am εU εR = AUm εR , (1.3.1)
where A is a random variable characterizing seismic capacity in terms of GMP. Am is the
best estimate of median seismic capacity, which is a deterministic value. εR and εU are
random variables representing aleatory randomness and epistemic uncertainty about the
median value. Both variables are usually taken to be lognormal with unit median (zero
logarithmic mean) and logarithmic standard deviations of βR and βU, respectively.
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Given confidence level Q=q , the estimated median capacity AUm, q at the confidence level
Q=q can be expressed as
AUm, q = Am εU,q = Am e−βU8
−1(q), P
{
AUm > A
U
m, q
} = q. (1.3.2)
Replacing AmεU in equation (1.3.1) by A
U
m, q obtained in equation (1.3.2) yields the seis-
mic fragility, or the conditional probability of failure given a ground motion level a, at
confidence level Q=q (Kennedy and Ravindra, 1984)
p
F, q
(a) = P{A< a ∣∣GMP = a, Q = q} = 8[ ln(a/Am)+ βU8−1(q)
βR
]
. (1.3.3)
Based on lognormal fragility model, seismic capacity A is independent on ground motion
level a. Therefore, it is unnecessary to use a great number of acceleration time histories
covering a wide range of ground motion levels in the calculation of seismic demand. In
engineering applications, NUREG/CR-0098 median response spectra (USNRC, 1978) or
site-specific uniform hazard spectra (UHS), anchoring to a specific plant screening level in
terms of a GMP (e.g. ARLE = 0.3g PGA), is defined as Review Level Earthquake (RLE) in
seismic fragility analysis.
1.3.2 Problems in Engineering Applications
Lognormal fragility model makes the determination of seismic fragilities of SSCs more
convenient and applicable. However, due to the use of a single GMP, problems have been
observed in engineering applications (Ni at al., 2015; Cai at al., 2015):
1. Spectral shape of RLE
Suppose that there are two RLE,i.e., NUREG/CR-0098 median rock response spectrum
(abbreviated as NUREG spectrum) and eastern North America (ENA) hard-rock
response spectrum (abbreviated as ENA spectrum) (Atkinson and Elgohary, 2007),
as shown in Figure 1.2, anchoring to PGA at screening level ARLE=0.3g. PGA is
chosen as GMP in seismic fragility analysis. Assume that a structure has three natural
frequencies (see Figure 1.2) and is subjected to these two RLE. From elastic structural
dynamic analysis, structural response depends primarily on spectral accelerations at its
natural frequencies. Since spectral values at frequencies F1 and F2 are totally different
9
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based on two RLE (see Figure 1.2), structural responses would be also different. As
a result, seismic demand is inconsistent for the same structure, inevitably leading to
inconsistent seismic capacity estimate in terms of PGA.
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Figure 1.2 Spectral shape comparison of two different types of GRS
2. Use of a single GMP
In engineering applications, PGA is usually used to characterize a RLE and represent
seismic capacity of an SSC. However, fundamental frequencies of safety-related struc-
tures, systems, and components (SSCs) in nuclear power plants are usually between 2
Hz and 10 Hz, which are much smaller than the frequency (∼50 Hz) where spectral
acceleration approach PGA. Figure 1.3 shows the region of ground response spectra
from over 200 historical earthquake records, anchoring to PGA at a screening level
ARLE=0.3g. It shows that realistic earthquake response spectra include large vari-
ability in spectral accelerations at frequency range between 2 and 10 Hz, indicating
that a smooth RLE cannot accurately predict spectral acceleration at the fundamental
frequency (e.g. 5 Hz) of a safety-related SSC.
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Figure 1.3 Region of ground response spectra anchoring to 0.3g PGA
3. Neglect of ground motion intensity effect
In current seismic fragility analysis, spectral shape of the chosen RLE is independent
on ground motion intensity, which can be scaled downward or upward to meet dif-
ferent ground motion intensities. However, characteristics of ground motions from
large earthquakes are different from those from moderate earthquakes, indicating that
earthquake response spectra depend on ground motion intensity. Therefore, ground
motion intensity effect should be taken into consideration in the determination of
seismic fragility.
1.4 Objectives
This study aims to develop weighting seismic seismic fragility analysis method based on
vector-valued GMPs (VGMPs). The method mainly includes three consecutive parts:
1. vector-valued probabilistic seismic hazard analysis is performed to determine the
weights of input ground response spectra (GRS);
2. seismic fragility analysis considering VGMPs method is proposed to calculate seismic
fragility based on VGMPs;
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3. weights of input GRS and seismic fragility are combined to obtain the weighting
seismic fragility of an SSC.
By using VGMPs, the proposed method resolves the problems in current seismic fragility
analysis, thus it can more accurately estimate seismic capacities of safety-related SSCs. In
addition, weighting seismic fragility curves are in terms of a single GMP; hence they are
readily incorporated into Seismic Probabilistic Risk Analysis and Seismic Margin Assess-
ment. Furthermore, the proposed method can save redesign cost of safety-related SSCs that
do not satisfy seismic margin requirement.
1.5 Thesis Organization
In Chapter 2, scalar PSHA and vector-valued PSHA (VPSHA) are briefly introduced first.
Numerical example for Darlington nuclear generating station is then performed. Matlab
codes are written by myself to develop seismic hazard curves and uniform hazard spectra
(UHS). VPSHA is also performed to predict mean annual rate density distributions. The
results show that, by means of VPSHA, aleatory randomness in earthquake response spectra
and ground motion intensity effect are taken into consideration. In addition, UHS overesti-
mates the seismic hazard given a spectral value of the chosen GMP. Therefore, vector-valued
GMPs (VGMPs) should be introduced to predict seismic hazard.
In Chapter 3, current seismic fragility analysis method is introduced first. To illustrate
the procedure and demonstrate the problems of current method, numerical example for a
horizontal heat exchanger is performed. The results show that the spectral shape of RLE
and the use of GMP have noticeable effect on the determination of seismic fragility. For
nuclear power plants in eastern North Amercia, site-specific UHS should be chosen as
Review Level Earthquake (RLE) for acquiring more accurate seismic capacity estimates of
SSCs. Nevertheless, the problems in current method are not completely resolved.
In Chapter 4, weighting seismic fragility analysis method is proposed based on VGMPs.
Numerical example for a horizontal heat exchanger is performed to illustrate the procedure
and demonstrate the advantages of the proposed method. The weighting High Confidence
Level and Low Probability of Failure (HCLPF) seismic capacity has 26.1% increase compar-
ing to conventional (as opposed to weighting) HCLPF seismic capacity. In addition, mean
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annual frequency of the failure of heat exchanger has a remarkable decrease (60.4%). Both
results indicate that the proposed method can more accurately estimate HCLPF seismic
capacity and annual frequency of occurrence of the failure of heat exchanger.
In Chapter 5, weighting seismic fragility analysis for components mounted on structures
is proposed. A direct spectra-to-spectra method is applied to generate floor response
spectra (FRS). Given structural information and input RLE, FRS can be directly determined
by analytical expressions. Compared to computationally expensive time history analyses,
direct spectra-to-spectra method generates FRS with high efficiency and sufficient accuracy.
In addition, it would save much computational cost on capturing variabilities of response
variables. Numerical example for a block wall located on the second floor of a service
building is performed to illustrate the proposed method. The results shows that weighting
HCLPF seismic capacity has a remarkable increase (42.5%).
In Chapter 6, an improve SMA procedure is proposed. The procedure combines the
use of conventional and weighting HCLPF capacities of SSCs, which ensures that more
plant seismic capacity is obtained, while analysis cost is acceptable. To better illustrate the
proposed procedure, numerical example for an emergency coolant accident (ECI) system
is performed. The results show that the HCLPF capacity of the ECI system based on
the proposed procedure meets seismic margin requirement, while HCLPF capacity of ECI
system based on conventional procedure cannot satisfy the requirement. By using the
proposed procedure, redesign cost for SSCs that do not meet seismic margin requirement
are saved.
In Chapter 7, major contributions of the research work and future research are presented
to conclude this thesis.
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Seismic Hazard Analysis
Among a variety of hazards induced by potential seismic sources at the site of interest,
ground shaking is the dominant agent of damage to the built environment (Chen and Lui,
2006). To estimate this type of hazard, probabilistic seismic hazard analysis (PSHA) was
proposed in late 1960s (Cornell, 1968). It is originated from probabilistic perspective, i.e.,
model parameters in the prediction of seismic hazard at the site of interest are taken as
random variables, thus it properly captures the aleatory randomness of model parameters.
In addition, a logic tree is usually developed for capturing epistemic uncertainties in the
PSHA model. As a result, PSHA provides a better way to describe the seismic hazard at the
site of interest.
In this Chapter, PSHA and vector-valued PSHA (VPSHA) are introduced first. Numerical
example for Darlington nuclear generating station site in south Ontario, Canada, is then
performed for illustrating the procedure of PSHA and VPSHA. The results indicate that, by
means of VPSHA, aleatory randomness in earthquake response spectra and ground motion
intensity effect can be properly captured.
2.1 Probabilistic Seismic Hazard Analysis
Scalar Probabilistic seismic hazard analysis (PSHA) has been used to predict seismic haz-
ard at nuclear power plant sites since late 1970s. It integrates the uncertainties in seis-
mic source model, magnitude-recurrence model, maximum earthquake magnitude, and
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ground-motion model to obtain an explicit expression of seismic hazard, i.e., annual fre-
quency that a threshold value is expected to be exceeded, at the site of interest as (USNRC,
1997; McGuire, 2004; Baker, 2008)
λ(s1) =
NS∑
I= 1
νI
{∫
r
∫
m
P
{
SA( F1)> s1
∣∣m, r} FM(m) FR(r)dm dr
}
I
, (2.1.1)
where NS is the number of surrounding seismic sources, νI is the annual rate of occurrence
of seismic source I. P
{
SA( F1)> s1
∣∣m, r} is the complementary cumulative distribution
function (CDF) of spectral acceleration SA( F1) given an earthquake with magnitude m
and source-to-site distance r, representing the conditional probability that SA( F1) exceeds
a threshold value s1, given a pair of m and r. FM(m) and FR(r) are probabilistic density
functions (PDFs) of earthquake magnitude m and source-to-site distance r, respectively.
Given a pair of m and r, lnSA( F1) is of normal distribution; hence P
{
SA( F1)> s1
∣∣m, r}
can be determined by
P
{
SA( F1)> s1
∣∣m, r} = 1 − P{ lnSA( F1)6 lns1 ∣∣m, r} = 1 −8

 lns1 − µ ln SA( F1)∣∣m,r
σ
ln SA( F1)
∣∣m,r

 ,
(2.1.2)
where µ
ln SA( F1)
∣∣m,r and σ ln SA( F1)∣∣m,r are mean and standard deviation of lnSA( F1) given a
pair of m and r, respectively. 8( ·) denotes the standard normal CDF.
Based on equation (2.1.2), the PDF of SA( F1) given a pair of m and r is calculated by
differentiating the CDF with respect to s1 ,
F
SA( F1)
(
s1
∣∣m, r) = 1
s1 σ ln SA( F1)
∣∣m,r
φ

 lns1 − µ ln SA( F1)∣∣m,r
σ
ln SA( F1)
∣∣m,r

 . (2.1.3)
Integrating F
SA( F1)
(
s1
∣∣m, r) with respect to m and r gives the PDF of SA( F1) , i.e.,
F
SA( F1)
(s1) =
∫
r
∫
m
F
SA( F1)
(
s1
∣∣m, r) FM(m) FR(r)dm dr. (2.1.4)
As in equation (2.1.1), PSHA gives annual frequency (also called annual rate) that a
threshold value s1 is expected to be exceeded. Based on equations (2.1.1) and (2.1.4),
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annual rate density of SA( F1) is defined as
F ′
SA( F1)
(s1) =
NS∑
I= 1
νI
{
F
SA( F1)
(s1)
}
=
NS∑
I= 1
νI
{∫
r
∫
m
F
SA( F1)
(
s1
∣∣m, r) FM(m) FR(r)dm dr
}
.
(2.1.5)
Therefore, the annual rate of events at the site of interest with SA( F1) between x1 and x2
can be determined by
λ(x16 s16x2) =
∫ x2
x1
F ′
SA( F1)
(s1)ds1 =
NS∑
I= 1
νI
{∫ x2
x1
F
SA( F1)
(s1)ds1
}
. (2.1.6)
In engineering applications, µ
ln SA( F1)
∣∣m,r and σ ln SA( F1)∣∣m,r are obtained from ground
motion models; FM(m) and FR(r) are determine from earthquake-recurrence models and
seismic source models, respectively. Due to epistemic uncertainties in the PSHA model,
the results of PSHA are a set of seismic hazard curves with respect to different percentiles
or a mean seismic hazard curve. In addition, annual rate density of SA( F1) can be obtained,
which is used in Seismic Probabilistic Risk Analysis (see Section 1.2 of Chapter 1).
2.2 Vector-valued Probabilistic Seismic Hazard Analysis
Scalar PSHA provides seismic hazard of a SDOF oscillator at the site of interest, hence
it would give accurate seismic hazard information for single-mode dominant structures,
systems, and components (SSCs). In nuclear power plants, however, SSCs are usually multi-
mode dominant. It indicates that using the joint knowledge of seismic hazard in terms of
vector-valued GMPs (VGMPs) would improve the prediction of seismic hazard for SSCs
(Bazzurro, 1998). In two-dimensional case, annual frequency that spectral accelerations
SA( F1) and SA( F2) (abbreviated as SA(f)) of an SSC simultaneously exceed threshold values
s1 and s2 (abbreviated as s) is given by
λ(s) =
NS∑
I= 1
νI
{∫
r
∫
m
P
{
SA(f)> s
∣∣m, r} FM(m) FR(r)dm dr
}
I
, (2.2.1)
where P
{
SA(f)> s
∣∣m, r} is the conditional probability that SA(f) simultaneously exceed
s, given an earthquake with magnitude m and source-to-site distance r. Statistical tests
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have shown that, given a pair of m and r, the joint distribution of logarithmic spectral
accelerations, i.e., lnSA(f), can be well represented by multivariate normal distribution
(Jayaram and Baker, 2008). Hence P
{
SA(f)> s
∣∣m, r} can be determined by
P
{
SA(f)> s
∣∣m, r} = 1 − P{SA(f)6 s ∣∣m, r} = 1 − P{ lnSA(f)6 lns ∣∣m, r}, (2.2.2)
where P
{
lnSA(f)6 lns
∣∣m, r} is the joint CDF of lnSA(f) given a pair of m and r.
Based on equation (2.2.2), the joint PDF of lnSA(f) given a pair of m and r can be
obtained as
F
lnSA(f)
(
lns
∣∣m, r) = 1√
(2π)n
∣∣6∣∣ exp
[
− 1
2
(
lns − µ)T6−1( lns − µ)], (2.2.3)
where µ and 6 are mean and covariance matrices of lnSA(f), i.e.,
µ =
[
µI
]
, 6 =
[
ρI, j σI σj
]
, ρI,I=1, I, j = 1, 2, (2.2.4)
where µI and σI are mean and standard deviation of logarithmic spectral acceleration
at frequency F I, given a pair of m and r. ρI, j is the correlation coefficient between
logarithmic spectral accelerations at two frequencies F I and F j, which is usually assumed to
be independent of m and r. 6 is a symmetric matrix.
Based on equations (2.2.2) and (2.2.3), the PDF of SA(f) given a pair of m and r is then
calculated by differentiating the joint CDF with respect to s , i.e.,
F
SA(f)
(
s
∣∣m, r) = 1
s1 · s2
F
lnSA(f)
(
lns
∣∣m, r). (2.2.5)
Therefore, based on equations (2.2.1) and (2.2.5), the annual rate density of SA(f) can be
determined by
F ′
SA(f)
(s) =
NS∑
I= 1
νI
{∫
r
∫
m
F
SA(f)
(
s
∣∣m, r) FM(m) FR(r)dm dr
}
I
, (2.2.6)
F
SA(f)
(
s
∣∣m, r) in equation (2.2.6) can be rewritten in conditional form as
F
SA(f)
(
s
∣∣m, r) = F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1, m, r) · FSA( F1)(s1 ∣∣m, r), (2.2.7)
thus the PDF of
{
SA( F2)
∣∣SA( F1)} given a pair of m and r is determined by
F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1, m, r) = FSA(f)
(
s
∣∣m, r)
F
SA( F1)
(
s1
∣∣m, r) , (2.2.8)
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where F
SA( F1)
(
s1
∣∣m, r) is PDF of SA( F1), which can be determined by equation (2.1.4).
Substituting F
SA(f)
(
s
∣∣m, r) and F
SA( F1)
(
s1
∣∣m, r) into equation (2.2.8) gives
F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1, m, r) = 1s2 σ ln SA( F2)∣∣s1, m, r φ

 lns1 − µ ln SA( F2)∣∣s1,m,r
σ
ln SA( F2)
∣∣s1,m,r

 , (2.2.9)
in which
µ
ln SA( F2)
∣∣s1, m, r = µ ln SA( F2)∣∣m, r + ρ1, 2
σ
ln SA( F2)
∣∣m,r
σ
ln SA( F1)
∣∣m,r
[
lns1 − µ ln SA( F1)
∣∣m,r
]
, (2.2.10a)
σ
ln SA( F2)
∣∣s1, m, r = σ ln SA( F2)∣∣m, r
√
1 − ρ2
1, 2
. (2.2.10b)
Equation (2.2.10a) can be simplified as
µ
ln SA( F2)
∣∣s1, m, r = µ ln SA( F2)∣∣m, r + σ ln SA( F2)∣∣m, r ρ1, 2 ε ln SA( F1)∣∣m, r( lns1), (2.2.11)
in which
ε
ln SA( F1)
∣∣m, r( lns1) =
lns1 − µ ln SA( F1)
∣∣m, r
σ
ln SA( F1)
∣∣m, r
. (2.2.12)
ε
ln SA( F1)
∣∣m, r is called spectral shape parameter representing the aleatory randomness in
estimating lnSA( F1) given an earthquake with a pair of m and r . It yields standard normal
distribution.
Based on equation (2.2.11), ε
ln SA( F2)
∣∣s1, m, r( lns2) is given by
ε
ln SA( F2)
∣∣s1, m, r( lns2) = ρ1, 2 ε ln SA( F1)∣∣m, r( lns1). (2.2.13)
Replacing F
SA(f)
(
s
∣∣m, r) by F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1, m, r) in the integrand of equation (2.2.6)
gives the PDF of
{
SA( F2)
∣∣SA( F1)}
F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1) =
∫
r
∫
m
F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1, m, r) FM(m) FR(r)dm dr. (2.2.14)
Therefore, the annual rate density of
{
SA( F2)
∣∣SA( F1)} is determined by
F ′
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1) =
NS∑
I= 1
νI
{
F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1)}. (2.2.15)
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Given SA( F1)= s1 , the annual rate of events at the site of interest with SA( F2) between y1
and y2 is determined by
λ(y16 s26y2
∣∣ s1) =
∫ y2
y1
F ′
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1)ds2 =
NS∑
I= 1
νI
{∫ y2
y1
F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1)ds2
}
.
(2.2.16)
In practice, given a pair of m and r, µ and σ are obtained from ground-motion models;
correlation coefficient ρ is determined based on statistical analyses (Baker and Jayaram,
2008). The mean and covariance matrices are then determined. The annual rate density
of
{
SA( F2)
∣∣SA( F1)} can be easily obtained from equation (2.2.15), which will be used for
calculating the weights of ground response spectra in Chapter 4.
Discussion on Correlation Coefficient
Equations (2.2.11) and (2.2.10b) show that, given an earthquake with a pair of m and r ,
mean and standard deviation of lnSA( F2) for a given s1 depend on the value of ρ1, 2:
1. ρ
1, 2
=0
Substituting ρ
1, 2
=0 into equations (2.2.11) and (2.2.10b) gives
µ
ln SA( F2)
∣∣s1, m, r = µ ln SA(2)∣∣m, r , σ ln SA( F2)∣∣s1, m, r = σ ln SA( F2)∣∣m, r , (2.2.17)
which indicates that s1 of lnSA( F1) has no effect on lnSA( F2) .
2. ρ
1, 2
=1.0
σ
ln SA( F2)
∣∣s1, m, r in equation (2.2.10b) reduces to zero, indicating that a unique spectral
value s2 of lnSA( F2) is obtained. Based on equation (2.2.13), ε ln SA( F2)
∣∣s1, m, r( lns2) is
given by
ε
ln SA( F2)
∣∣s1, m, r( lns2) = ε ln SA( F1)∣∣m, r( lns1). (2.2.18)
Recall that in equation (2.1.2), P
{
SA( F1)> s1
∣∣m, r} is given by
P
{
SA( F1)> s1
∣∣m, r} = 1−8

 lns1 − µ ln SA( F1)∣∣m, r
σ
ln SA( F1)
∣∣m, r

 = 1−8{ε
ln SA( F1)
∣∣m, r( lns1)
}
,
(2.2.19)
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thus
P
{
SA( F2)> s2
∣∣ s1, m, r} = 1 −8{ε ln SA( F2)∣∣s1, m, r( ln F2)
}
= 1 −8
{
ε
ln SA( F1)
∣∣m, r( lns1)
}
= P{SA( F1)> s1 ∣∣m, r}.
(2.2.20)
Since PDFs of m and r in equation (2.2.1) are the same in scalar PSHA for SDOF
oscillators with natural frequencies at F1 and F2 , seismic hazard that s2 of SA( F2) is
expected to be exceeded for a given s1 is equal to seismic hazard that s1 of SA( F1) is
expected to be exceeded.
Recall that for a given uniform hazard spectrum (UHS), spectral accelerations at any
frequencies are corresponding to the same seismic hazard. This indicates that, in the
generation of UHS, correlation coefficient between any two vibration frequencies is
taken as 1.0, i.e., logarithmic spectral accelerations at any two vibration frequencies
are assumed to be fully correlated.
3. 0<ρ
1, 2
< 1.0
Based on equation (2.2.13), ε
ln SA( F2)
∣∣s1,m,r( lns2) is given by
ε
ln SA( F2)
∣∣s1, m, r( lns2) = ρ1, 2ε ln SA( F1)∣∣m, r( lns1)< ε ln SA( F1)∣∣m, r( lns1). (2.2.21)
Recall that in the generation of UHS,
ε
ln SA( F2)
∣∣m,r( lns2) = ε ln SA( F1)∣∣m,r( lns1), (2.2.22)
thus µ
ln SA( F2)
∣∣s1, m, r in equation (2.2.11) is smaller than s2 obtained from the UHS
with respect to seismic hazard that s1 of SA( F1) is expected to be exceeded.
In addition, standard deviation of lnSA( F2) is given by
σ
ln SA( F2)
∣∣s1, m, r = σ ln SA( F2)∣∣m, r
√
1 − ρ2
1, 2
<σ
ln SA( F2)
∣∣m, r , (2.2.23)
which indicates that aleatory randomness in estimating lnSA( F2) is reduced.
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Discussion on Vector-valued GMPs
When F1 is pretty high, e.g., F1=50 Hz, SA( F1) can be approximated by PGA (see Section
1.1 of Chapter 1). In current seismic fragility analysis, a generic ground response spectrum
(GRS) or uniform hazard spectrum (UHS) is defined as Review Level Earthquake (RLE).
The RLE is usually anchored to PGA at a specified screening level ARLE (e.g. ARLE=0.3g),
indicating that a single spectral shape and ground motion level are considered in the
calculation of seismic demand. As a result, the aleatory randomness in earthquake response
spectra and ground motion intensity effect cannot be taken into consideration.
In nuclear power industry, dominant frequencies of most safety-related structures, sys-
tems, and components (SSCs) are greater than 2 Hz. Based on spectral correlation model
developed by Baker and Jayaram(2008), correlation coefficient between logarithmic spectral
accelerations at any two frequencies (>2 Hz) is between 0.474 and 1.0. To more accurately
characterize lnSA( F2) for a given s1 of SA( F1=50 Hz) , correlation coefficient between
lnSA( F2) and lnSA( F1) should be considered. Taking F2 as the dominant frequency of
an SSC, VPSHA can properly capture the aleatory randomness in SA( F2) . In addition, by
changing spectral values of PGA from lower bound (e.g. 0.05g) to upper bound (e.g. 5g),
ground motion intensity effect is considered.
2.3 Numerical Example for Darlington NGS Site
Darlington nuclear generating station (NGS) (43.53◦N, 78.43◦W) is located on the north
shore of Lake Ontario, Region of Durham in Ontario, Canada. The map information around
Darlington NGS site is shown in Figure 2.1.
2.3.1 Logic Tree of PSHA Model
Scalar PSHA is performed to determine seismic hazard curves at this site. The PSHA model
given in Open File 7576 of 2015 National Building Code of Canada (NBCC) (Halchuk
et al., 2014) is used. Four epistemic uncertainties, i.e., seismic source model, maximum
earthquake magnitude, magnitude-recurrence model, and ground motion model, are taken
into consideration in this PSHA model. To capture these epistemic uncertainties, three-
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Figure 2.1 Map information around Darlington NGS site
branch logic tree in Figure 2.2 is developed. Probability of confidence weight for each of the
median, high, and low estimates is assigned and shown in Figure 2.2 (Halchuk et al., 2014).
Here “median”,“high”, and “low” are not related to percentiles in statistics.
As shown in Figure 2.2, H2 (H is for historical), HY (HY is for hybrid), and R2 (R is
for regional) seismic source models, are used to capture seismic source model uncertainty.
For maximum magnitude and magnitude-recurrence model uncertainties, three branches
are used to represent median, high, and low estimates of model parameters. For ground
motion model, three sets of ground-motion look-up tables are used to predict median,
high, and low estimates of median ground motion estimates. For each model, there are
three branches, indicating that a total number of 34 = 81 epistemic branches are considered
in this PSHA model. Each epistemic branch is related to one possible combination of
four epistemic uncertainties. The weight of a epistemic branch is equal to the product of
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Figure 2.2 Logic tree of PSHA model for Darlington NGS site
weights of four uncertainties in this branch. For example, as shown in Figure 2.2, weight
0.0816=0.4×0.6×0.68×0.5 is respect to the first epistemic branch. The weights of 27
epistemic branches are shown in Figure 2.2. The summation of weights from 81 epistemic
branches should be equal to 1.
2.3.2 Seismic Source Model
For sites in southeastern Canada, due to the scarcity of strong historical earthquake records,
three seismic source models, i.e., H2, HY, and R2 models are used to take account of seismic
source uncertainty. H2 model is mainly based on relatively small historical seismicity
23
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Figure 2.3 Southeastern Canada H2 seismic source model
Figure 2.4 Southeastern Canada R2 seismic source model
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clusters in southeastern Canada. R2 model is based on relatively larger regional seismicity
zones. HY model is the combination of historical and regional seismicity records, which
is a compromise between H2 and R2 models. Figures 2.3 and 2.4 are H2 and R2 source
models, respectively. Since several seismic sources are overlapped, HY source model is not
graphically illustrated here. All seismic sources around Darlington NGS site are treated as
area sources. Based on the geographic coordinates of corner grids of each seismic source,
the total area of the seismic source can be calculated based on geodetic coordinate system.
In addition, a source depth of 10 km is taken for all seismic sources in the calculation of
source-to-site distances, and no uncertainty in the source depth is considered.
2.3.3 Magnitude-Recurrence Model
The magnitude-frequency distribution at a site is usually expresses as an exponential form
(Richter, 1958)
log
N(m)
10 = a − B m, (2.3.1)
or
N(m) = N0e−β , (2.3.2)
where N0=10a is the number of earthquakes per year with magnitude greater than or
equal to 0. β=B ln(10) is a constant that depicting the relative number of small-to-large
earthquakes.
Due to the uncertainty in magnitude-recurrence model, median, high, and low estimates
of N0 and β are used. Taking OBGH seismic source of H2 model (see Figure 2.3) as an
example, Table 2.1 gives median, high, and low estimates of N0 and β (Halchuk et al., 2014).
Table 2.1 OBGH Seismic Source Magnitude-Recurrence Parameters (H2 Model)
Seismic source Magnitude-recurrence parameters
OBGH β N0
Median 2.10 155.78
Low 2.619 496.82
High 1.581 49.94
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2.3.4 Maximum Magnitude Model
In engineering applications, it is common to truncate earthquake magnitude at a lower
bound mmin and a upper bound mmax. The truncated Gutenberg-Richter magnitude-
frequency distribution is given by (McGuire, 2004)
N(m) = ν · F¯M(m) = ν
e−β(m−mmin) − e−β(mmax−mmin)
1−e−β(mmax−mmin) , mmin6m6mmax, (2.3.3)
where ν is annual rate of occurrence of earthquake above mmin given by (Atkinson and
Goda, 2011)
ν = N0
e−βmmin − e−βmmax
1−e−βmmax . (2.3.4)
F¯M(m) in equation (2.3.3) is the complementary CDF of magnitude m , thus the CDF of
magnitude m is easily obtained as
FM(m) = 1 − F¯M(m) =
1 − e−β(m−mmin)
1−e−β(mmax−mmin) , mmin6m6mmax. (2.3.5)
The PDF of magnitude m is then calculated by differentiating FM(m) with respect to m,
FM(m) =
β ·e−β(m−mmin)
1−e−β(mmax−mmin) , mmin6m6mmax. (2.3.6)
For all seismic sources in southeastern Canada zone, mmin is taken as 4.75. However,
there is uncertainty in estimating mmax. To capture this uncertainty, median, high, and low
estimates of mmax are taken for each seismic source. For example, given OBGH seismic
source of H2 model (see Figure 2.3), Table 2.2 shows median, high, and low estimates of
mmax. ν regarding median, high, and low estimates of mmax can be determined by equation
(2.3.4).
Given a set of magnitude-recurrence parameters in Table 2.1, by taking median, high, and
low estimates of mmax in Table 2.2, three estimates of PDFs of magnitude m are obtained.
The product of ν (see Table 2.2) and respective FM(m) is calculated as
F ′M(m) = ν · FM(m), mmin6m6mmax. (2.3.7)
Taking median estimate of magnitude-recurrence parameters in Table 2.1 as an example,
three F ′M(m) estimates are determined and shown in Figure 2.5 accounting for maximum
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magnitude uncertainty. Here F ′M(m) instead of FM(m) are compared because in the PSHA,
F ′M(m) is used in the calculation of seismic hazard.
Table 2.2 Maximum Magnitudes and Annual Rate of Occurrence of OBGH Seismic Source
(H2 Model)
Seismic source Maximum Magnitude Annual Rate of Occurrence
OBGH (mmax) (ν)
Median 7.3 0.007
Low 7.0 0.002
High 7.6 0.027
4.5 5 5.5 6 6.5 7 7.5 8
0
0.01
0.02
0.03
0.04
0.05
0.06
Magnitude m
Median
Low
High
F M
(m
)
Figure 2.5 Median, High, and Low Estimates of F ′M(m) for OBGH seismic source (H2
model)
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2.3.5 Ground-Motion Model
It is known that ground shaking induced by an earthquake attenuates with the increase of
source-to-site distance. To predict the ground shaking at the sites in central and eastern
North America (CENA), several empirical ground-motion prediction equations (GMPEs)
are proposed (Atkinson and Boore, 1995; Silva et al., 2002; Atkinson and Boore, 2006; Boore
and Atkinson, 2008; Pezeshk et al., 2011).
In the CENA, a typical expression of GMPEs for logarithmic spectral acceleration
lnSA( F1) at any frequency F1 is given by
ln SA( F1) = F (m, r, F1)+ σ( F1) ·ε, (2.3.8)
where F (m, r, F1) is the mean estimate of ln SA( F1), which depends on the values of earth-
quake magnitude m, source-to-site distance r, and natural frequency F1 of a SDOF oscilla-
tor. σ( F1) is the standard deviation of lnSA( F1) , which is assumed to be independent on
m and r. ε is a random variable complying with standard normal distribution. Therefore,
SA( F1) is lognormally distributed given a pair of m and r.
In 2015 NBCC, ground-motion look-up tables are used to predict high, and low estimates
of mean logarithmic spectral accelerations (10-base) as functions of m and r. In these
tables, earthquake magnitudes are uniformly discretized by 0.25 in normal scale between
4.75 and 8.0. Epicenter distance is uniformly discretized in logarithmic scale (10-base) into
30 points between repi=1.0 km and repi=102.9=794.3 km. Given source depth D=10 km,
the hypocenter distance r
hyp
=
√
r2epi + D2 can be determined. It is noted that hypocenter
distance is taken as source-to-site distance. Ten representative frequencies, i.e., 0.1, 0.2, 0.5,
1, 2, 3.33, 5, 10, 20, and 50 Hz, are considered in these tables.
In order to capture ground-motion model uncertainty, three sets of look-up tables, repre-
senting median, high, and low estimates of mean logarithmic spectral values, are presented.
Given a natural frequency F1 and a pair of m and r , mean estimates of logarithmic spec-
tral acceleration lnSA( F1) (10-base) can be determined by the interpolating three look-up
tables. In 2015 NBCC, spectral acceleration at 50 Hz is taken as peak ground acceleration
(PGA). Here one can take m=6.5 as an example, Figure 2.7 shows median, high, and low
estimates of median PGA versus epicenter distance repi.
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Figure 2.6 Median, High, and Low Estimates of Median PGA (i.e. SA( F =50Hz)) versus
epicenter distance repi
Standard deviations with respect to ten frequencies are also given in look-up tables.
Having obtained mean estimates of logarithmic spectral acceleration F (m, r, F1) and corre-
sponding standard deviation σ( F1) , conditional probability that SA( F1) exceeds a threshold
value s1, given a pair of m and r, can be determined by
P
{
SA( F1)> s1
∣∣m, r} = 1 − P{ lnSA( F1)6 lns1 ∣∣m, r} = 1 −8
[
lns1 − F (m, r, F1)
σ ( F1)
]
.
(2.3.9)
2.3.6 Development of Seismic Hazard Curves
In this study, seismic sources within a radius of 600 km (dash green line in Figures 2.3 and
2.4) surrounding Darlington NGS site are considered in the PSHA. All seismic sources are
gridded by 0.1 degree in longitudinal and attitudinal directions. As a result, the base and
height of each gridded source zone are around 10 km. Figure 2.7 gives a simplified diagram
of gridded source zones from an areal seismic source.
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Seismic source i 
rj
A gridded source zone
Figure 2.7 A simplified diagram of gridding an areal source surrounding Darlington NGS
site
For each gridded source zone, point-source model is used in the calculation of seismic
hazard. The source-to-site distance rj is taken as a constant (see Figure 2.7) within this
relative small zone (hypocenter distance between the center of source zone and Darlington
NGS site is taken as source-to-site distance). The annual rate of occurrence ν
I, j
in the
gridded source j is given by
ν
I, j
= νI
A
I, j
AI
, (2.3.10)
in which A
I, j
is the area of source zone j, AI is the total area of seismic source I, and νI is
annual rate of occurrence in seismic source I.
In 2015 NBCC, earthquake magnitude m is uniformly increased by 0.25. The seismic
hazard (annual frequency that a specified spectral value s1 is expected to be exceeded)
contributed from the grided source zone j is then given by
λI(s1, rj) = νI, j
NK∑
K= 1
P
{
SA( F1)> s1
∣∣mK, rj} FM(mK)1mK, (2.3.11)
where NK is the number of magnitude intervals. P
{
SA( F1)> s1
∣∣mK, rj} can be determined
by equation (2.3.9), and FM(mK) is obtained from equation (2.3.6).
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Therefore, seismic hazard at Darlington NGS site contributed from seismic source I can
be calculated as
λI(s1) =
Nj∑
j= 1
λI(s1, rj) =
Nj∑
j= 1
ν
I, j
{ NK∑
K= 1
P
{
SA( F1)> s1
∣∣mK, rj} FM(mK)1mK
}
j
, (2.3.12)
where Nj is the number of gridded source zones in seismic source I .
Finally, seismic hazard from all surrounding sources is calculated as
λ(s1) =
NI∑
I= 1
λI(s1), (2.3.13)
in which NI is the number of areal seismic sources surrounding Darlington site.
Matlab codes are written to calculate the seismic hazard at Darlington NGS site. The
algorithms are presented as follows:
1. Develop logic tree of the PSHA model (see Figure 2.2)
2. Determine seismic hazard from one epistemic branch of the logic tree
(a) Discretize area sources into gridded source zones given a seismic source model
(H2, HY, or R2 source model)
(b) Calculate seismic hazard contributed from these gridded source zones using
equation (2.3.10) and (2.3.11)
(c) Calculate seismic hazard from one seismic source by equation (2.3.12)
(d) Repeat steps (a) to (c) to calculate seismic hazard from other seismic sources
(e) Calculate seismic hazard from all seismic sources in this epistemic branch by
equation (2.3.13)
(f) Calculate seismic hazard from all the remaining epistemic branches (a total
number of 81 epistemic branches)
3. Determine seismic hazard curves at percentiles or mean seismic hazard curve
(a) Calculate seismic hazard curves at percentiles
Given a spectral value of SA( F1) (e.g. F1=50 Hz), there are 81 seismic hazard
values from epistemic branches. It is required to sort these values in ascending
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order and then plot the empirical cumulative distribution function (CDF) versus
these values. Taking percentile P=p , seismic hazard value at this percentile can
be determined by interpolating the empirical CDF.
Changing spectral value of SA( F1) from lower bound (e.g. 0.001g) to upper
bound (e.g. 5g) can obtain seismic hazard values at percentile P=p . After-
wards, one can represent the seismic hazard curve at percentile P=p by the
numerical distribution of seismic hazard values versus SA( F1) .
(b) Calculate mean seismic hazard for SA( F1) by
H
SA( F1)
(s1) =
81∑
I= 1
wI ·HSA( F1),I(s1), (2.3.14)
where wI is the weight of epistemic branch I , and HSA( F1),I
(s1) is the seismic
hazard given a threshold value s1, from epistemic branch I.
Changing spectral value of SA( F1) from lower to upper bounds can result in
numerical distribution of mean seismic hazard for SA( F1). Afterwards, one can
represent mean seismic hazard curve by this numerical distribution.
Seismic hazard at Darlington NGS site is calculated according to above algorithms. The
results are seismic hazard curves versus spectral accelerations at frequency range of engi-
neering interest. Taking PGA, i.e., SA( F1=50 Hz), as an example, Figures 2.8 to 2.10 are
seismic hazard curves for three seismic source models (for each source model, 27 epistemic
branches are developed). Plotting seismic hazard curves from Figures 2.8 to 2.10 together
gives Figure 2.11.
Based on seismic hazard curves from all epistemic branches (see Figure 2.11), one can
plot empirical cumulative distribution function (CDF) versus seismic hazard for a given
PGA value. Figure 2.12 shows the empirical CDF versus seismic hazard, given PGA=0.1g .
Based on this empirical CDF, one can obtain seismic hazard values with three percentiles,
e.g., 16th, 50th, and 84th. In addition, one can obtain mean seismic hazard value using
equation (2.3.14). Changing PGA values from lower bound of 0.001g to upper bound value
of 10g can result in seismic hazard curves with three percentiles or mean seismic hazard
curve (see Figure 2.13), respectively.
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Figure 2.8 Seismic hazard curves for PGA (i.e. SA( F1=50Hz)) from H2 source model
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Figure 2.9 Seismic hazard curves for PGA (i.e. SA( F1=50Hz)) from HY source model
33
2.3 numerical example for darlington ngs site
10
−3
10
−2
10
−1
10
0
10
1
10
−6
10
−5
10
−4
10
−3
10
−2
10
−1
10
0
PGA (g)
A
n
n
u
al
 F
re
q
u
en
cy
 o
f 
E
xc
ee
d
an
ce
R2 Model
Figure 2.10 Seismic hazard curves for PGA (i.e. SA( F1=50Hz)) from R2 source model
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Figure 2.11 Seismic hazard curves for PGA (i.e. SA( F1=50Hz)) from all epistemic branches
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Figure 2.12 Empirical CDF of seismic hazard given PGA=0.1g
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Figure 2.13 Seismic hazard curves for PGA at mean and three percentiles
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2.3.7 Uniform Hazard Spectra
Similar to the procedure used in plotting mean seismic hazard curve for PGA (see Figure
2.13), mean seismic hazard curves for spectral accelerations at other frequencies, e.g., 0.2,
0.5, 1, 2, 3.33, 5, 10, 20 Hz, can be obtained and are shown in Figure 2.14. By interpolating
these mean seismic hazard curves at a specified seismic hazard such as 1×10−2 give spectral
values regarding these frequencies. Applying linear interpolation in logarithmic scale (10-
base) among representative frequencies result in a mean uniform hazard spectrum (UHS)
with 1×10−2 (see Figure 2.15).
Based on Figure 2.14, UHS at any seismic hazard level can be determined. Figure 2.15
gives UHS at four seismic hazard levels, i.e., 1×10−2 , 2.1×10−3 , 1×10−3 , and 4.04×10−4 .
In 2015 National Building Code of Canada (NBCC), UHS spectral values at ten represen-
tative frequencies are available online (http://www.earthquakescanada.nrcan.gc.ca/hazard-
alea/interpolat/index-en.php). Entering the geographic coordinates of Darlington NGS site
on the website can obtain UHS spectral values at four mean seismic hazard levels, as shown
in Figure 2.15. It can be seen that the calculated UHS agree well with spectral values given
in 2015 NBCC. Therefore, the calculated PSHA results would be used in this study.
Figure 2.15 also shows that spectral shapes of mean UHS varies with seismic hazard levels
(related to ground motion intensities). It shows that ground motion intensity has effect on
response spectra. In current seismic fragility analysis, however, a generic ground response
spectrum or a site-specific UHS at a specified seismic hazard level (e.g. 1×10−4) anchoring
to a ground motion parameter (GMP) at a screening level ARLE (e.g. ARLE=0.3g), is defined
as Review Level Earthquake (RLE), thus ground motion intensity effect is neglected.
2.3.8 Mean Annual Rate Density Distribution
In current seismic fragility analysis, PGA, i.e., SA( F1=50 Hz), is usually chosen as GMP.
However, the fundamental frequencies of most safety-related structures, systems, and com-
ponents (SSCs) lie in the frequency range between 2 Hz and 10 Hz. To more accurately
characterize the variability in spectral acceleration at the fundamental frequency F of a
safety-related SSC, SA( F ) should be taken as GMP as well. Suppose there is an SSC with
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Figure 2.14 Interpolation of seismic hazard curves regarding representative frequencies at
seismic hazard of 1×10−2
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Figure 2.15 Mean UHS at four seismic hazard levels at Darlington NGS site
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the fundamental frequency of F =5 Hz (between 2 Hz and 10 Hz). SA( F=5 Hz) and PGA
are chosen as vector-valued GMPs (VGMPs). Vector-valued Probabilistic Seismic Hazard
Analysis (VPSHA) is performed to determine mean annual rate density of
{
SA( F )
∣∣PGA} ,
as defined in equation (2.2.15), for this SSC.
Based on spectral correlation model by Baker and Jayaram (2008), the correlation coef-
ficient ρ between lnSA( F ) and lnPGA is equal to 0.875. Due to the use of VGMPs, given
a PGA value, spectral value of SA( F ) yields a distribution. Therefore, mean annual rate
density of
{
SA( F )
∣∣PGA} is a two-dimensional distribution. Figure 2.16 gives the contour
of the distribution. It can be seen that high density values are clustered in a diagonal region,
indicating earthquakes with spectral accelerations SA( F ) and PGA in the diagonal region
are more likely to occur.
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Figure 2.16 Contour of annual rate density of SA( F )|PGA
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Taking a number of spectral values of PGA, such as 0.3g, 0.6g, and 0.9g, a set of curves of
SA( F ) are obtained (see Figure 2.17), indicating VPSHA can take ground motion intensity
effect into consideration. In addition, the variability of SA( F ) in earthquake response
spectra is also considered for a given PGA value.
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Figure 2.17 Mean annual rate density of SA( F ) at three PGA values
Based on seismic hazard curves in Figure 2.18, given PGA=0.6g, one can determine
spectral value of SA( F )=0.95g by interpolating two seismic hazard curves at the same
seismic hazard. Figure 2.19 gives spectral values of SA( F ) given PGA=0.6g based on
PSHA and VPSHA. Integrating annual rate density in Figure 2.18 from lower bound 0.1g
to SA( F )=0.95g , and then divided by the value integrating from 0.1g to upper bound 5g
(see Figure 2.16), gives 96th percentile at SA( F )=0.95g . It indicates that UHS is more likely
to overestimate spectral value of SA( F ). Therefore, VGMPs should be introduced in the
determination of ground response spectra for seismic fragility analysis.
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2.4 Summary
In this Chapter, Probabilistic Seismic Hazard Analysis (PSHA) and vector-valued PSHA
(VPSHA) are introduced first. To better illustrate the procedure of PSHA, numerical
example for Darlington nuclear generating station (NGS) is performed:
§ a logic tree consisting 81 epistemic branches is developed to capture the uncertain-
ties in seismic source model, magnitude-recurrence model, maximum earthquake
magnitude, and ground-motion model;
§ Matlab codes are written by myself to calculate seismic hazard curves from epistemic
branches;
§ seismic hazard curves at mean and percentiles are determined based on seismic hazard
curves from epistemic branches;
§ mean uniform hazard spectra (UHS) are obtained from interpolating mean seismic
hazard curves at ten representative frequencies.
Spectral values from calculated UHS match well with those values from 2015 National
Building Code of Canada.
VPSHA is then performed for a safety-related component in Darlington NGS. Spectral
acceleration SA( F =5 Hz) at structural fundamental frequency and PGA,i.e. SA( F =50 Hz) ,
are chosen as vector-valued GMPs (VGMPs). Mean annual rate density of
{
SA( F )
∣∣PGA} is
determined. The results show that
§ aleatory randomness in earthquake response spectra is properly captured;
§ ground motion intensity effect is taken into consideration;
§ UHS overestimates SA( F ) for a given PGA value.
For safety-related structures, systems, and components (SSCs), VGMPs should be intro-
duced to characterize earthquake response spectra at the site of interest.
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Seismic Fragility Analysis
Seismic fragility analysis has been widely used to evaluate seismic capacities of systems,
structures, and components (SSCs) in nuclear power plants. The seismic capacity of an SSC
from the seismic fragility analysis, in terms of seismic fragility curve or High Confidence
and Low Probability of Failure seismic capacity, is used as an input to Seismic Probabilistic
Risk Analysis or Seismic Margin Assessment. Therefore, accurate seismic capacity estimate
is extremely important.
In Section 3.1, current seismic fragility analysis method is briefly reviewed. Section
3.2 performs case studies for quantitatively evaluating the influences of spectral shape and
use of ground motion parameter (GMP) in current method. Section 3.3 provides several
recommendations and summarizes this Chapter.
3.1 Seismic Fragility Analysis
3.1.1 Definition
Seismic fragility of an SSC is defined as the conditional probability that seismic capacity A
of an SSC is less than a given ground motion level a in terms of GMP, i.e.,
p
F
(a) = P{A< a ∣∣GMP = a}. (3.1.1)
Seismic capacity A of an SSC is often expressed as the product of three variables
A = Am εR εU , (3.1.2)
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where Am is the best estimate of median seismic capacity, which is a deterministic value.
εR is the random variable representing aleatory randomness about the median value, and
εU is the random variable representing the epistemic uncertainty in estimating the median
value due to lack of knowledge. The random variables εR and εU are usually taken to be
lognormal with unit median (zero logarithmic mean) and logarithmic standard deviations
of βR and βU, respectively.
Let AUm=AmεU be the estimated median value when epistemic uncertainty is considered.
Since εU ∼ NL (0,β2U), then AUm is lognormally distributed with AUm ∼ NL ( lnAm,β2U), in
which lnAm and βU are corresponding logarithmic mean and standard deviation.
For a random variable X , the confidence level Q is defines as
P
{
X>XQ
} = 1 − P{X6XQ} = Q. (3.1.3)
Replacing X by εU and substituting Q=q into equation (3.1.3) results in
1 − P{εU6εU,q} = q. (3.1.4)
Recalling that εU ∼ NL (0,β2U), hence εU,q can be determined by solving equation (3.1.4),
1 −8
[
lnεU,q − 0
βU
]
= q =⇒ εU,q = e−βU8
−1(q). (3.1.5)
Therefore, the estimated median capacity AUm, q at the confidence level Q=q can be ex-
pressed as
AUm, q = Am εU,q = Am e−βU8
−1(q), P
{
AUm > A
U
m, q
} = q. (3.1.6)
Replacing AmεU in equation (3.1.2) by A
U
m, q obtained in equation (3.1.4) yields the
seismic fragility, or the conditional probability of failure given a ground motion level a, at
confidence level Q=q (Kennedy and Ravindra, 1984)
p
F, q
(a) = P{A< a ∣∣GMP = a, Q = q} = 8[ ln(a/Am)+ βU8−1(q)
βR
]
. (3.1.7)
The confidence level Q is continuous between 0 and 1. In applications, it is usually taken as
discrete values, such as 5% , 50% , and 95% .
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When composite variability εC=εRεU is used, pF, C can be determined by (EPRI, 1994)
p
F, C
(a) = P{A< a ∣∣GMP = a} = 8[ ln(a/Am)
βC
]
, βC =
√
β2R + β2U . (3.1.8)
where βC is logarithmic standard deviation of composite variability εC.
3.1.2 Determination of Seismic Fragility
Let ARLE be plant screening level in terms of a single GMP (e.g. PGA) from Review Level
Earthquake (RLE). In estimating the fragility parameters, it is more convenient to work
with an intermediate random variable F, called the factor of safety. F describes the level that
the seismic capacity A of an individual SSC is above the reference seismic capacity ARLE,
and is defined as (Kennedy and Ravindra, 1984)
A = F ·ARLE , (3.1.9)
F = Actual structural capacity of SSC
Actual seismic demand due to RLE
= Actual structural capacity of SSC
Calculated seismic demand due to RLE
× Calculated seismic demand due to RLE
Actual seismic demand due to RLE
= FC ·FRS , (3.1.10)
in which the actual structural capacity and actual seismic demand due to RLE are both
random variables; whereas the calculated seismic demand due to RLE is a deterministic
value because response variabilities are not included in the calculation. As a result, capacity
factor FC and response factor FRS are both random variables.
Capacity Factor
In equation (3.1.10), FC can be determined by
FC = Fµ ·FS, (3.1.11)
where Fµ is the inelastic energy absorption factor, considering the fact that an earthquake is
a limited energy source and many structures, systems, and components (SSCs) are capable of
absorbing energy beyond yield without loss-of-function. For safety-related SSCs, Fµ is not
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needed to be considered, because they are designed to behaviour elastically during strong
ground motions. FS is the strength factor, representing the ratio of structural capacity to
the calculated seismic demand due to the reference earthquake, which can be determined
by
FS =
C − DNS
DS +1CS
, (3.1.12)
where C is a random variable representing the structural capacity for a specific failure mode.
1CS is the reduction in structural capacity due to concurrent seismic loadings. DS is the
calculated elastic seismic demand, DNS is the concurrent non-seismic demand or normal
operating load (such as dead load and operating temperature load). 1CS , DS , and DNS are
all deterministic values.
In nuclear engineering practice, FC is usually taken as lognormal random variable.
Response Factor
FRS in equation (3.1.10) is a random variable due to uncertainties in ground motion and
dynamic properties of SSCs. For structures, FRS is usually modelled as a product of several
factors that contribute to the response variability, i.e.,
FRS =
∏
I
FRSI , (3.1.13)
where FRSI denotes the Ith response factor. Some basic response factors that influence
structural response are
• Ground Motion (earthquake response spectrum shape, horizontal direction peak
response, vertical component response)
• Damping
• Modelling (modal frequency, modal shape, torsional coupling)
• Modal Combination
• Time History Simulation
• Foundation-Structure Interaction (ground motion incoherence, vertical spatial vari-
ation of ground motion, soil-structure interaction)
• Earthquake Component Combination
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For equipments and other components, the factor of safety F in equation (3.1.10) includes
one more factor FRE accounting for variabilities in equipment response. FRE is usually
expressed as the product of several variables, i.e.,
FRE =
∏
I
FREI , (3.1.14)
Some basic variables that influence equipment response factor FRE are
• Qualification Method
• Damping
• Modelling (modal frequency, modal shape)
• Modal Combination
• Earthquake Component Combination
In engineering applications, variables in damping, modelling, modal combination, and
earthquake component combination are usually assumed to be lognormal with unit median
(zero logarithmic mean) values. When response spectrum analysis method is used to cal-
culate structural response, there is no time history simulation variability and qualification
method variability.
Factor of Safety
Factor of safety F is also lognormally distributed from multiplication of basic variables.
Equation (3.1.10) can be rewritten as
F = Fm εR εU , Fm = Fµ,m ·FS,m ·FRS,m, (3.1.15)
where εR and εU represent aleatory randomness and epistemic uncertainty in estimating F,
respectively. εR and εU are both lognormally distributed with unit median (zero logarith-
mic mean) and logarithmic standard deviations βR and βU , respectively.
When ground motion variability is unit median, foundation-structure interaction is not
considered, and response spectrum analysis method is used to calculate structural response,
FRS is lognormal with unit median values, i.e., FRS,m=1.0. Fm is thus given by
Fm = Fµ,m ·FS,m. (3.1.16)
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Median Seismic Capacity
Combining equations (3.1.2), (3.1.9), and (3.1.15) gives
A = Am εR εU = (Fm ·ARLE ) εR εU. (3.1.17)
Therefore, median seismic capacity Am is given by
Am = Fm ·ARLE . (3.1.18)
εR and εU in equations (3.1.2) and (3.1.15) are essentially the same, because they are
dimensionless random variables. In engineering practice, logarithmic standard deviations
of F instead of A are calculated.
Logarithmic Standard Deviations
EPRI-TR-103959 (EPRI, 1994) proposes three available methods to determine propagated
logarithmic standard deviations of capacity and response variables: approximate second
moment procedure, second moment procedure, and Monte Carlo simulation. In applica-
tions, approximate second-moment procedure is usually used to determine total logarithmic
standard deviations of aleatory randomness βR and epistemic uncertainty βU , i.e.,
β =
√∑
j
β2j . (3.1.19)
In equation (3.1.15), β represents either βR or βU, and βI is the part of the final β-value
due to the effect of variation in the Ith underlying basic variable, which can be determined
by
βI =
1∣∣φ∣∣ ln
FφσI
Fm
, (3.1.20)
in which FφσI
is the value of F where the Ith variable is set at φ standard deviation (σI) level,
and all other basic variables are kept at their median levels. φ is usually set to be either 1 or
−1. It is recommend that demand variables be increased (evaluated at +σI level) and that
capacity variables be decreased (evaluated at −σI level).
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Seismic Fragility Curves
Having obtained Am, βR and βU, seismic fragility of the SSC can be determined by equation
(3.1.7). Figure 3.1 shows an example of family of fragility curves at three confidence levels.
In addition, when composite variability is used, a composite (also called mean) fragility
curve can be obtained and is also shown in Figure 3.1.
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Figure 3.1 An example of family of fragility curves and mean fragility curve
HCLPF Seismic Capacity
Taking conditional probability of failure p
F, q
=5% at confidence level Q=95%, and solving
for a in equation (3.1.7), a High Confidence and Low Probability of Failure (HCLPF)
seismic capacity in terms of the chosen GMP can be obtained as (EPRI, 1994)
CHCLPF = Am e(βR+βU)8
−1(0.05) = Am e−1.6449(βR+βU). (3.1.21)
3.2 Numerical Example for Horizontal Heat Exchanger
The problems in current seismic fragility analysis have been discussed in Chapter 1. To
illustrate the procedure of current seismic fragility analysis method and demonstrate its
problems, numerical example for a horizontal heat exchanger is performed.
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3.2.1 Heat Exchanger Configuration
In NPPs, heat exchanger is used to transfer heat produced by nuclear reaction to drive steam
turbines for electricity production. The anchorage of heat exchanger has been identified as
one of the governing components for overall plant risk (EPRI-1000895, EPRI,2000). Section
8 of EPRI-TR-103959 (EPRI, 1994) presents an example of horizontal heat exchanger.
Basic Information
Details of the horizontal heat exchanger is shown in Figure 3.2 and properties are listed
in Table 3.1. It has a diameter of 8 ft = 96 in, length of 30 ft = 360 in, and is supported
by three equally spaced saddles. Each saddle is secured to the concrete floor by three sets
of 2 cast-in-place anchor bolts. Two of the saddle base plates (Support S1) have slotted
holes, which allow thermal expansion of the tank in the longitudinal direction. Therefore,
when the heat exchanger is subjected to longitudinal earthquake excitation, only one saddle
withstands the shear force due to the longitudinal translation of water tank. Each saddle
has four stiffener plates to increase the rigidity of the heat exchanger in the longitudinal
direction. A total weight of W=110 kips is estimated for the exchanger. The connecting
piping is relatively light, and its weight is included in W= 110 kips.
Potential Failure Modes
The basic material strength properties are listed in Table 3.2. It is assumed that the heat
exchanger itself was designed to be seismically robust. The capacity of the connection of
the saddles to the heat exchanger is relatively high and this potential failure mode is not
considered. Only the following failure modes regarding the anchorage and support are
considered:
• anchorage failure,
• bending failure of the support base plate,
• weld connection failure between base plate and saddle plate.
In the following, median static capacities based on these potential failure modes are calcu-
lated in accordance with pertinent codes.
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Figure 3.2 Configuration details of horizontal heat exchanger
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Table 3.1 Deterministic Properties of Horizontal Heat Exchanger
Property Parameter Value
Heat Exchanger Tank
Diameter D 96 in
Length L 360 in
Floor to bottom tank H 24 in
Height to center of gravity Hcg 72 in
Shell thickness t 3/8 in
Weight W 110 kip
Saddle Supports (ASTM A36)
Base plate thickness t
b
0.5 in
Anchor bolt hole diameter D
b
1-1/8 in
Slotted anchor hole dimension Ds 3-1/8 in
Saddle plate to edge of base plate Lb 6 in
Distance between outside bolts in saddle base plate Db 72 in
Weld length Lw 6 in
Weld leg dimension tw 1/4 in
Stiffener width Ls 12-1/2 in
Stiffener height (outside pair) H1 60 in
Stiffener height (inside pair) H2 26 in
Stiffener thickness ts 0.5 in
Number of supports NS 3
Anchor Bolts (ASTM A307)
Area through bolt Agross 0.7854 in
2
Area through threads Anet 0.6057 in
2
Embedment length Le 16 in
Bolt diameter Do 1 in
Head diameter D
h
1-1/2 in
Eccentricity from anchor bolt centerline to saddle plate es 3 in
Number of anchor bolt locations at each saddle NL 3
Number of anchor bolts at each location NB 2
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Table 3.2 Material Strength Properties
Property Variable Median βU
Steel (ASTM A36, A307)
Yield strength σy 44 ksi 0.12
Ultimate strength σu 64 ksi 0.06
Concrete
Compressive strength Fc
′ 6120 psi 0.12
Weld
Tensile strength of electrode (FEXX = 60 ksi) FEXX 1.1FEXX 0.05
Anchor Bolt
Tension Ntension 0.9 Anetσu 0.13
Shear Vshear 0.62 Anetσu 0.10
Coefficient of friction
for shear friction capacity of concrete µ 1.0 0.24
3.2.2 Case Study Objectives
Assume the heat exchanger is located on ground floor of a reactor building in Darlington
nuclear generating station (NGS), Ontario, Canada (see Chapter 2), and is subjected to
earthquake excitations from three directions. Therefore, the fundamental frequency of the
heat exchanger in each of three earthquake directions need to be determined. Since this
component is relatively simple, the heat exchanger responds primarily in the first mode
in each earthquake direction. Structural analysis shows that fundamental frequencies in
longitudinal and transverse directions are FL=8.15 Hz and FT=25.4 Hz, respectively. Since
the heat exchanger is seismically robust in vertical direction, fundamental frequency in this
direction is taken as FV=50 Hz, where spectral acceleration returns to PGA.
In current seismic fragility analysis, a generic ground response spectrum (GRS) such
as NUREG/CR-0098 median response spectrum (abbreviated as NUREG spectrum) or
uniform hazard spectrum (UHS) at Darlington NGS site, can be defined as Review Level
Earthquake (RLE). The RLE is then anchored to a screening level in terms of a ground
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motion parameter (GMP). In engineering applications, average spectral acceleration S¯A
between 5 and 10 Hz or PGA can be chosen as GMP.
As in Chapter 1, for a given structure, spectral shape of RLE and the use of GMP affect its
seismic fragility estimate. Case studies are conducted herein to evaluate these influences.
Case 1: Influence of Spectral Shape of RLE
NUREG spectrum and mean UHS at 1×10−4 (Darlington nuclear generating station site)
are anchored to PGA at screening level ARLE=0.3g . Spectral shapes of these two response
spectra are shown in Figure 3.3. Site-specific UHS is much lower in low to intermediate
frequencies while a little higher in high frequencies.
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Figure 3.3 NUREG spectrum and site-specific UHS anchoring to PGA at 0.3g
NUREG spectrum is chosen as RLE first and then site-specific UHS is chosen as RLE.
Seismic fragility results are compared to illustrate the influence of spectral shape of RLE.
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Case 2: Influence of Use of GMP
A generic GRS is generally different from a site-specific response spectrum, thus response
spectrum shape variability needs to be considered. In this case study, NUREG spectrum is
defined as RLE, Table 3.3 gives logarithmic standard deviations (βR for aleatory randomness
and βU for epistemic uncertainty) of response spectrum shape variability (Table 3-2, EPRI,
1994). It shows that response spectrum shape variability depends the chosen GMP where
RLE is anchored.
Table 3.3 Earthquake Response Spectrum Shape Variability (NUREG Spectrum)
Earthquake response spectrum shape variability
Logarithmic standard deviation
βR βU
RLE anchored to PGA
1 Hz 0.18 to 0.22 0.32
5 Hz 0.18 to 0.22 0.24
10 Hz 0.18 to 0.22 0.16
16 Hz 0.15 to 0.19 0.12
33 Hz 0.12 to 0.15 0
RLE anchored to S¯A
1 Hz 0.18 to 0.22 0.20
5 Hz 0.18 to 0.22 0
10 Hz 0.18 to 0.22 0
16 Hz 0.15 to 0.18 0.10
33 Hz 0.12 to 0.15 0.13
As in Figure 3.3, site-specific UHS is linear in natural log (ln) scale between 5 and 10 Hz,
thus the average spectral acceleration S¯A between 5 and 10 Hz is given by
S¯A = e [ ln SA( F = 5 Hz)+ ln SA( F = 10 Hz)]/2 = e [ ln(0.45)+ ln(0.56)]/2 = 0.5g. (3.2.1)
Recall that the dominant frequency FL of heat exchanger is equal to 8.15 Hz. When RLE
is anchored to PGA at 0.3g, βU=0.19 by interpolating βU between 5 and 10 Hz. However,
when RLE is anchored to S¯A , there is no epistemic uncertainty at spectral acceleration at FL .
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To quantitatively study the effect of use of GMP in seismic capacity estimate, RLE is
anchored to PGA first and then anchored to S¯A . Seismic fragility results are compared to
illustrate the influence of GMP.
3.2.3 Case 1: Influence of Spectral Shape – NUREG Spectrum is
RLE
In this Section, seismic fragility analysis for the heat exchanger is presented in detail.
3.2.3.1 Definition of Seismic Input
NUREG spectrum anchoring to PGA at screening level 0.3g is defined as RLE. The vertical
GRS is assumed to be 2/3 of the horizontal input over the entire frequency range. The heat
exchanger is subjected to earthquake excitations in three directions.
3.2.3.2 Seismic Demand Analysis
Response spectrum analysis method is used to calculate peak equipment response in three
directions. For the heat exchanger, only the fundamental mode in each direction needs to
be considered (see Section 3.2.1). Therefore, peak equipment response from each direction
is equal to the peak modal response in that direction. Peak modal responses (spectral
accelerations) of fundamental modes in three directions are obtained from horizontal and
vertical seismic inputs and are presented in Table 3.4.
Table 3.4 Spectral Values at Frequencies in Three Directions
Direction Frequency (Hz) SA (g)
Longitudinal 8.15 0.63
Transverse 25.4 0.345
Vertical 50 23 ×0.30= 0.20
Peak equipment responses in three directions, i.e., spectral accelerations in three direc-
tions, are used to calculate seismic demand, i.e., tension and shear forces, of the anchorage
of heat exchanger in three directions.
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Median Seismic Demand in Longitudinal Direction
Figure 3.4 Forces due to longitudinal excitation
Figure 3.5 Forces due to transverse rocking
Figure 3.6 Forces due to vertical excitation
In the longitudinal direction, under seismic excitation, the tank is subjected to an inertia
force equal to the product of its weight W and the spectral acceleration aL = 0.63g, as
shown in Figure 3.4. The inertia force is then transferred to the supports, exerting tension
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and shear force on anchors bolts. Assume that all anchor bolts are in elastic tension and
shear during earthquake excitations. The geometric information of the heat exchanger is
given in Table 3.1.
Since Supports S1 have slotted holes to allow for longitudinal movement, the shear force
are evenly distributed in the anchor bolts of Support 2 only. The shear force in a single bolt
is given by
VL =
W · aL
NL · NB =
110×0.63
3×2 = 11.55 kips. (3.2.2)
Tension forces in the two Supports 1 are due to the moment W ·aL ·Hcg, as shown in Figure
3.4. For the critical anchor bolts, the tension force is given by
NL =
W · aL ·Hcg
NL · NB · (2S + 12 S) =
110×0.63×72
3×2× 52 ×120
= 2.77 kips. (3.2.3)
Median Seismic Demand in Transverse Direction
In the transverse direction, under seismic excitation, the seismic loading due to transverse
excitation is also transferred to the supports, exerting tension and shear forces in the anchor
bolts, as shown in Figure 3.5. Shear force is induced in all the anchor bolts in all the supports
evenly. For a single bolt, the shear force is
VT =
W · aT
NL · NB · NS =
110×0.345
3×2×3 = 2.11 kips. (3.2.4)
The moment induces tension forces in the anchor bolts at 2 locations in all 3 supports, as
shown in Figure 3.5. For the critical anchor bolts, the tension is
NT =
W · aT · Hcg
NB · NS · (Db + 14 Db) =
110×0.345×72
2×3× 54 ×72
= 5.06 kips. (3.2.5)
Median Demand in Vertical Direction
In the vertical direction, under seismic excitation, the inertial force of the tank due to seismic
vertical acceleration is transferred to the support as pure tension force, without shear force,
as shown in Figure 3.6. All anchor bolts share the seismic load evenly so that the tension
force is
NV =
W · aV
NL · NB · NS =
110×0.2
3×2×3 = 1.22 kips. (3.2.6)
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When the bolts are in tension, the dead load of the heat exchanger also exerts forces in the
anchor bolts. All the bolts share the dead load evenly as
NDL =
−W
NL · NB · NS =
−110
3×2×3 = −6.11 kips. (3.2.7)
Combination of Seismic Demand from Three Directions
When the response spectrum analysis method is used, the maximum earthquake-induced
response of interest in an SSC should be obtained by the SRSS combination or the 100-40-
40 percent combination of the maximum responses from the three earthquake components
calculated separately (USNRC, 2006).
To combine the effect of the three earthquake components on the critical anchor bolt,
first assuming that the longitudinal direction controls and then assuming that the transverse
direction controls. It is obvious that the vertical direction will not control; thus this case is
not considered further.
1. Longitudinal direction controls
• Tension force in the critical anchor bolt is
NLong = NL + 0.4 NT + 0.4 NV
= 1.0×2.77 + 0.4×5.06 + 0.4×1.22 = 5.28 kips. (3.2.8)
• Shear force in the critical anchor bolt is
VLong =
√
(VL)
2 + (0.4VT)2 =
√
11.552 + (0.4×2.11)2 = 11.58 kips. (3.2.9)
2. Transverse direction controls
• Tension force in the critical anchor bolt is
NTran = NT + 0.4 NL + 0.4 NV
= 1.0×5.06 + 0.4×2.77 + 0.4×1.22 = 6.65 kips. (3.2.10)
• Shear force in the critical anchor bolt is
VTran =
√
(VT)
2 + (0.4VL)2 =
√
2.112 + (0.4×11.55)2 = 5.08 kips. (3.2.11)
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The tension and shear demand of the heat exchanger are summarized in Table 3.5. It is
easily to find that longitudinal direction is controlling direction.
Table 3.5 Median Tension and Shear Demand of Heat Exchanger under NUREG Spectrum
at 0.3g PGA
Controlling Direction Shear Force (kips) Tension Force (kips)
Longitudinal 11.58 5.28
Transverse 5.08 6.65
3.2.3.3 Structural Capacity Analysis
Median Capacity of Anchorage
Typical failure mechanisms of anchorage are illustrated in Figure 3.7. Median capacities for
these types of failure are calculated in accordance with ACI 349-06 (ACI, 2007).
The median tensile strength of a single anchor is given by
Ntension, m = φAnet σu = 0.90×0.6057×64 = 34.89 kips, (3.2.12)
where φ=0.9 is the reduction factor accounting for the notch effects of threads and slight
eccentricities in loading.
The median shear strength of a single cast-in headed bolt is given by
Vshear, m = 0.6 Anet σu = 0.60×0.6057×64 = 23.26 kips. (3.2.13)
For a cast-in headed bolt with bolt diameter Do=1 in and head diameter Dh=1.5 in, the
median pullout strength in tension is
Abearing = π4 (Dh2 − D2o) =
π
4 (1.5
2 − 1.02) = 0.9817 in2,
Npullout, m = 8ψc, P Abearing Fc′ = 1.0×8×0.9817×6.12 = 48.06 kips, (3.2.14)
where ψc, P=1.0 is taken for cracked concrete.
The median concrete breakout strength of a single anchor in tension is determined by
N
b
= Kc
√
Fc
′ Hef
1.5 = 24×
√
6120×161.5 = 120.0 kips,
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Figure 3.7 Anchorage failure modes
Nbreakout, m =
ANc
ANc0
ψ
ed,N
ψ
c,N
ψ
cp,N
N
b
= 1.0×1.0×1.0×1.0×120.0 = 120.0 kips, (3.2.15)
where
• for cast-in headed stud, Kc=24 and Hef =16 in is the embedment length,
• for a single stud away from edge ANc
ANc0
=1.0,
• ψ
ed,N
=1.0 is the modification factor for edge,
• ψ
c,N
=1.0 is the modification factor for concrete cracking,
• ψ
cp,N
is the modification factor for splitting control applicable to post-installed an-
chors only,ψ
cp,N
=1.0 is taken for cast-in anchors.
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For anchor bolts, the median concrete pryout strength of a single anchor in shear is given
by
Vpryout, m = Kcp Nbreakout, m = 2.0×120.0 = 240.0 kips, (3.2.16)
where Kcp=2.0, since the effective embedment depth Hef>2.5 in.
The median shear-friction strength in terms of the ultimate stress can be determined by
Vshear-friction, m = 0.9µAnet σu = 0.9×1.0×0.6057×64 = 34.89 kips, (3.2.17)
where µ is coefficient of friction given in Table 3.2.
Median Bending Capacity of Support Base Plate
Due to earthquake excitation in vertical direction, the heat exchanger might move upwards
from the floor. In the meanwhile, anchor bolts would resist its vertical movement. Therefore,
the base plate will be in bending due to reactions from anchor bolts. In this example, the
connection between saddle plate and base plate, and the connection between stiffness plate
and base plate, are both assumed to be rigid. Therefore, the base plate surrounded by one
saddle plate and two stiffness plates (see Figure 3.2) can be treated as a plate with three fixed
ends and one free end.
The base plate bending capacity is realistically estimated using yield line theory. A
postulated yield line pattern for the steel base plate is shown in Figure 3.8. Based on yield
line theory, the median bending capacity of the base plate can be obtained as
N
pb, m
=
Lb tb
2 σy
2es
(
2 Lb − Ds
x
+ x
Lb
)
=
√
2− Ds
Lb
· Lb tb
2
es
σy, x = Lb
√
2− Ds
Lb
,
=
√
2− 3.125
6
× 6×0.5
2
3
×44 = 26.76 kips. (3.2.18)
MedianWeld Connection Capacity between Base Plate and Saddle Plate
Fillet welds are commonly used in structural connections. The weld area Aw resisting the
applied loads is given by an effective length Lw times the effective throat thickness, which
is equals to tw/
√
2=0.707tw, where tw is the weld leg size, as shown in Figure 3.9; hence
Aw=0.707 Lw tw.
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Figure 3.9 Fillet weld failure
For the heat exchanger, the median weld connection capacity between the base plate and
saddle plate in the transverse direction is given by
Aw = 0.707 Lw tw = 0.707×6×0.25 = 1.0605 in2,
Pweld, m = 1.26 Aw FEXX, m = 1.26×1.0605×(1.1×60) = 88.19 kips. (3.2.19)
Table 3.6 summarizes median capacities from potential failure modes. It can be seen that
the minimum shear and tensile capacities are 23.26 kips and 26.76 kips, respectively. In
addition, anchor bolts are simultaneously subjected to tensile and shear forces. Therefore,
the tension-shear interaction relationship shall be used in the evaluation of seismic capacity
of the heat exchanger.
3.2.3.4 Median Seismic Capacity
Recall that median seismic capacity Am is determined by
Am = Fm ·ARLE. (3.2.20)
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Table 3.6 Median Capacities of Heat Exchanger from Potential Failure Modes
Median Capacities (kips)
Failure Mode Shear Tension
Anchorage failure
anchor bolt steel 23.26 34.89
pullout 48.06
concrete breakout and pryout 240.0 120.0
shear friction 34.89
Support base plate bending failure 26.76
Fillet weld failure between base plate and saddle plate 88.19
In this example, ARLE is taken as 0.3g PGA. Median factor of safety Fm is given by
Fm = FC, m ·FRS, m = Fµ ·FS, m ·FRS, m. (3.2.21)
Neglecting inelastic energy absorption effects, i.e., Fµ=1.0.
For the anchor bolts, horizontal peak response is unit median (Table 3-3, EPRI TR-
103959, EPRI, 1994), foundation-soil interaction is not considered, and response spectrum
analysis method is used to calculate peak response of heat exchanger, hence FRS, m=1.0 (see
Section 3.1.2). Finally, equation (3.2.21) can be simplified as
Fm = FS, m ·FRS, m = FS, m. (3.2.22)
Median Strength Factor
Since anchor bolts are subjected to tension and shear simultaneously, a tension-shear
interaction relationship is required. Based on a large number of shear-tension test data,
EPRI-NP-5228-SL (EPRI, 1991b) recommends a shear-tension-interaction formulation for
expansion bolts and cast-in bolts. The results are plotted in terms of N/Nm and V/Vm in
a bilinear form as shown in Figure 3.10, where Nm and Vm are the bolt tension and shear
capacities in the absence of combined loading:
N
Nm
= 1.0, V
Vm
60.3, (3.2.23a)
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Figure 3.10 Interaction relationship of tension and shear
0.7
N
Nm
+ V
Vm
= 1.0, 0.3 < V
Vm
61.0. (3.2.23b)
To determine the median strength factor FS, m, two regions in Figure 3.10, i.e., pure tension
region and shear/tension region are considered.
• Pure tension region
The median strength factor is determined by equation (3.2.23a)
F
S1, m
= C − DNS
DS +1CS
= Nmin − NDL
NLong
= 26.76 − (−6.11)
5.28
= 6.22. (3.2.24)
• Shear/Tension region
The median strength factor is determined by equation (3.2.23b)
.F
S2, m
= C−DNS
DS+1CS
=
VST−0.7
VST
NST
NDL
VLong+0.7
VST
NST
NLong
=
23.26 − 0.7× 23.2634.89 ×(−6.11)
11.58 + 0.7× 23.2634.89 ×5.28
= 1.86.
(3.2.25)
Since F
S2, m
< F
S1, m
, the controlling failure mode is shear-tension interaction failure of
anchor bolts in longitudinal direction. Therefore, FS, m=FS2, m=1.86.
Median Seismic Capacity
Since FS, m=1.86, median factor of safety Fm=FS, m=1.86. Finally, median seismic capac-
ity of heat exchanger is given by
Am = Fm ·ARLE = 1.86×0.30g PGA = 0.558 g PGA. (3.2.26)
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3.2.3.5 Logarithmic Standard Deviations
Logarithmic standard deviations for basic response variables are taken in accordance EPRI-
TR-103959 (EPRI, 1994). Logarithmic standard deviations of capacity variables are ob-
tained from Table 3.2. It is noted that damping and frequency uncertainties need to be
converted to be uncertainties on spectral accelerations at three frequencies.
§ Damping
Assume the median damping for horizontal heat exchanger is 5% and the damping
at the −1σ level is 3%. The uncertainty βU in ground response spectrum due to
uncertainty in damping is obtained from the ground response spectra with ζ =5%
and 3% damping values.
• In longitudinal direction:
βU =
1∣∣−1∣∣ ln SA( F=8.15 Hz, ζ =3%)SA( F=8.15 Hz, ζ =5%) = ln
0.730g
0.630g
= 0.15. (3.2.27)
• In transverse direction:
βU =
1∣∣−1∣∣ ln SA( F=25.4 Hz, ζ =3%)SA( F=25.4 Hz, ζ =5%) = ln
0.354g
0.345g
= 0.03. (3.2.28)
• In vertical direction:
Since SA( FV) returns to PGA, damping uncertainty in vertical direction has no
effects on the response spectral acceleration value.
§ Frequency
• In longitudinal direction:
The fundamental frequency of the heat exchanger in the longitudinal direction
is FL=8.15 Hz, which is close to the plateau region of NUREG spectrum (see
Figure 3.3). Therefore, the effect of variation of frequency on the response
spectral acceleration value is negligible.
• In transverse direction:
Since FT=25.4 Hz in the transverse direction, the uncertainty βU in modal
frequency is 0.10 for simple equipment models, according to EPRI-TR-103959
(EPRI, 1994). Around 25.4 Hz, spectral acceleration increases when frequency
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decreases. Hence, at the −1σ level, the frequency is 25.4 ·e−0.10=22.98 Hz.
Therefore, the uncertaintyβU in spectral acceleration in the transverse direction
due to modal frequency variation is
βU =
1∣∣−1∣∣ ln SA( F=22.98 Hz, ζ =5%)SA( F=25.4 Hz, ζ =5%) = ln
0.363g
0.344g
= 0.05. (3.2.29)
• In vertical direction:
Since spectral acceleration around FV = 50 Hz returns to PGA, frequency un-
certainty in vertical direction has no effects on SA( FV).
Table 3.7 (the third and fourth columns) enumerates the logarithmic standard deviations
for all basic variables. The approximate second-moment procedure (see Section 1.2) is
applied to calculate variability of F due to basic variables. The variability of F due to
damping uncertainty is taken as an example. Spectral accelerations in the longitudinal and
transverse directions become
aL = Sa( FL)e0.15 = 0.630g×e0.15 = 0.730g,
aT = Sa( FT)e0.03 = 0.345g×e0.02 = 0.354g.
Spectral acceleration in the vertical direction is kept at 0.2g. Afterwards, seismic demand
analysis is performed (see Section 3.2.3.2). The combined seismic demand in longitudinal
direction (controlling direction) is given by
NLong = 5.78 kips, VLong = 13.42 kips. (3.2.30)
The median strength factor is then given by
.F
S, m
= C−DNS
DS+1CS
=
VST−0.7
VST
NST
NDL
VLong+0.7
VST
NST
NLong
=
23.26 − 0.7× 23.2634.89 ×(−6.11)
13.42 + 0.7× 23.2634.89 ×5.78
= 1.62.
(3.2.31)
Therefore, factor of safety F1σ can be determined by
F1σ = Fµ ·FRS, m ·FS, m = 1.0×1.0×1.62 = 1.62. (3.2.32)
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Finally, the variability of F due to damping uncertainty is calculated by
β = 1∣∣+1∣∣ ln
(
Fm
F1σ
)
= ln 1.86
1.62
= 0.14. (3.2.33)
One can repeat above procedure to calculate the variability of F due to all other basic
variables, as shown in Table 3.7 (the sixth and seventh columns). Square-root-of-sum-of-
squares (SRSS) rule is used to calculate βR of total randomness and βU of total uncertainty
from basic variables. βC of composite variability is then determined by
βC =
√
β2R + β2U. (3.2.34)
3.2.3.6 Seismic Fragility Curves and HCLPF Seismic Capacity
Having obtained median seismic capacity Am and its variability, seismic fragility can be
determined by equation (3.1.7). When composite (mean) seismic fragility is required,
equation (3.1.8) would be used. Seismic fragility curves of the heat exchanger are shown in
Figure 3.11.
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Figure 3.11 Seismic fragility curves of heat exchanger under NUREG spectrum at 0.3g PGA
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Table 3.7 The Variability of F from Response and Capacity Variables
Case Variable Randomness Uncertainty F β
0 Base Case Variable at median 1.86
Response Variables Variable at median plus 1σ F1σ βR βU
1
Earthquake response spectrum shape
anchored to PGA
SA( FL) e
0.20
SA( FT) e
0.20
SA( FL) e
0.19
SA( FT) e
0.19
1.53 0.20 0.19
2 Horizontal direction peak response
SA( FL) e
0.13
SA( FT) e
−0.13 1.66 0.11
3 Vertical component response SA( F V) e
0.34 1.85 0.01
4 Damping
SA( FL) e
0.15
SA( FT) e
0.03
1.62 0.14
5 Frequency SA( FT) e
0.05 1.85 0.0
6 Modal shape
SA( FL) e
0.05
SA( FT) e
0.05
1.77 0.05
7 Modal combination
SA( FL) e
0.05
SA( FT) e
0.05
1.77 0.05
8 Earthquake component combination
Abs. Sum
at 2.3σ
1.72 0.08
Capacity Variable Variable at median minus 1σ F−1σ βR βU
9 Anchor bolts
VST e
−0.10
NST e
−0.13 1.70 0.09
SRSS Combination βR βU
0.245 0.254
βC 0.353
In addition, one can obtain HCLPF seismic capacity of the heat exchanger as
CHCLPF = Am e(βR+βU)8
−1(0.05) = 0.558×e−1.6449(0.245+0.254) = 0.245g PGA. (3.2.35)
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3.2.4 Case 1: Influence of Spectral Shape – Site-specific UHS is
RLE
Median Seismic Demand
Site-specific UHS anchoring to 0.3g PGA is chosen as RLE and defined as horizontal in-
put ground response spectra (GRS). The vertical input GRS can be obtained using V/H
ratios given in Table 3.8 (AMEC, 2009). Given FV = 50 Hz, one can obtain V/H=0.865 by
linear interpolation in logarithmic scale between 40 Hz and 62.5 Hz; hence spectral accel-
eration in vertical direction SA( FV)=0.3×0.865=0.259g. Table 3.9 summarizes spectral
accelerations at three frequencies of the heat exchanger.
Table 3.8 V/H Ratios at Frequency Range of Engineering Interest
Frequency (Hz) 0.25 1 2.5 10 25 40 62.5 100
V/H Ratio 0.68 0.67 0.67 0.67 0.76 0.85 0.88 0.78
Table 3.9 Spectral Values at Three Frequencies from UHS
Direction Frequency (Hz) SA (g)
Longitudinal 8.15 0.530
Transverse 25.4 0.426
Vertical 50 0.865×0.30= 0.259
The tension and shear demand of the heat exchanger are summarized in Table 3.10.
Table 3.10 Median Tension and Shear Demand of Heat Exchanger under Site-specific UHS
at 0.3g PGA
Controlling Direction Shear Force (kips) Tension Force (kips)
Longitudinal 9.77 5.47
Transverse 4.68 7.82
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Median Seismic Capacity
It is found that shear-tension interaction failure of anchor bolts in longitudinal direction is
the controlling failure mode. Median strength factor FS, m is then given by
.F
S, m
= C−DNS
DS+1CS
=
VST−0.7
VST
NST
NDL
VLong+0.7
VST
NST
NLong
=
23.26 − 0.7× 23.2634.89 ×(−6.11)
9.77 + 0.7× 23.2634.89 ×5.47
= 2.12.
(3.2.36)
Therefore, median factor of safety Fm=FS, m=2.12.
Median seismic capacity of the heat exchanger is then given by
Am = Fm ·ARLE = 2.12×0.30g PGA = 0.636 g PGA. (3.2.37)
Compared to Am of 0.558g PGA using NUREG spectrum as RLE, Am using UHS as RLE
has 13.9% increase.
Logarithmic Standard Deviations
The procedure is almost the same as that in Section 3.2.3.5. Since site-specific UHS is
chosen as RLE,there is not earthquake response spectrum shape variability. The logarithmic
standard deviations in factor of safety F contributed from basic variables are presented in
Table 3.11.
Seismic Fragility Curves
Having obtained Am , βR , and βU, seismic fragility curves in terms of PGA are determined
and shown in Figures 3.7 and 3.8.
In addition, HCLPF seismic capacity of the heat exchanger is determined by
CHCLPF = Am e(βR+βU)8
−1(0.05) = 0.636×e−1.6449(0.158+0.204) = 0.349g PGA. (3.2.38)
Compared to CHCLPF of 0.245g PGA using NUREG spectrum as RLE, CHCLPF using UHS
as RLE has 41.9% increase.
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Table 3.11 The Variability of F from Response and Capacity Variables
Case Variable Randomness Uncertainty F β
0 Base Case Variable at median 2.12
Response Variables Variable at median plus 1σ F1σ βR βU
1 Horizontal direction peak response
SA( FL) e
0.13
SA( FT) e
−0.13 1.91 0.10
2 Vertical component response SA( F V) e
0.34 2.10 0.01
3 Damping
SA( FL) e
0.17
SA( FT) e
0.16
1.79 0.17
4 Frequency
SA( FL) e
0.05
SA( FT) e
0.05
2.02 0.05
5 Modal shape
SA( FL) e
0.05
SA( FT) e
0.05
2.02 0.05
6 Modal combination
SA( FL) e
0.05
SA( FT) e
0.05
2.02 0.05
7 Earthquake component combination
Abs. Sum
at 2.3σ
1.90 0.11
Capacity Variable Variable at median minus 1σ F−1σ βR βU
8 Anchor bolts
VST e
−0.10
NST e
−0.13 1.93 0.09
SRSS Combination βR βU
0.158 0.204
βC 0.258
Comparison of NUREG spectrum and Site-specific UHS
Seismic fragility curves based on NUREG spectrum are also plotted in Figures 3.7 and 3.8.
The results show that spectral shape of RLE has significant influence on HCLPF seismic
capacity estimate of the heat exchanger.
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Figure 3.12 Seismic fragility curves of heat exchanger based on NUREG spectrum and UHS
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Two sources contribute to the significant increase in CHCLPF :
1. NUREG spectrum is much higher in low and intermediate frequencies, i.e., F610
Hz. Since FL=8.15 Hz lies in this range, it leads to overestimation of median seis-
mic demand thus underestimation of Am, i.e., 0.558g PGA (obtained from NUREG
spectrum) compared to 0.636g PGA (based on UHS).
2. Earthquake response spectrum shape variability of NUREG spectrum is given by
(Table 3.7)
β =
√
β2R + β2U =
√
0.22 + 0.192 = 0.28. (3.2.39)
However, there is no response spectrum shape variability in site-specific UHS.
As a result, βC of composite variability is significantly reduced, i.e., 0.258 (obtained
from UHS) compared to 0.35 (based on NUREG spectrum).
In nuclear power industry, HCLPF seismic capacities are usually used to represent seismic
capacities of safety-related structures, systems, and components (SSCs). Therefore, accurate
HCLPF seismic capacity estimates of safety-related SSCs are important in evaluating plant
HCLPF seismic capacity. Spectral shapes of UHS at the sites in eastern North America
(ENA) are similar to that of UHS at Darlington nuclear generating station (NGS). Based
on seismic fragility results in this case study, using NUREG spectrum as RLE would not
give accurate HCLPF seismic capacities of safety-related SSCs in this region. Therefore, for
nuclear power plants (NPPs) in the ENA, site-specific UHS should be defined as RLE.
3.2.5 Case 2: Influence of Use of GMP – S¯A is GMP
PGA and average spectral acceleration S¯A between 5 and 10 Hz are taken as GMPs separately
to study the influence of use of GMP on seismic capacity estimate of the heat exchanger. In
Section 3.2.3, NUREG spectrum anchoring to PGA at 0.3g is taken as RLE. In this Section,
NUREG spectrum anchoring to S¯A at 0.5g is taken as RLE.
Median Seismic Demand
Recall that in equation (3.2.1), S¯A=0.5g is obtained from site-specific UHS. NUREG
spectrum has a plateau between 2.2 and 8 Hz, thus NUREG spectrum with the plateau
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anchoring to S¯A is defined as horizontal seismic input. The vertical seismic input is
assumed to be 2/3 of the horizontal input over the entire frequency range.
Based on horizontal and vertical seismic inputs, spectral accelerations are determined
and presented in Table 3.12.
Table 3.12 Spectral Values at Frequencies in Three Directions under NUREG Spectrum at
0.5g S¯A
Direction Frequency (Hz) SA (g)
Longitudinal 8.15 0.5
Transverse 25.4 0.271
Vertical 50 23 ×0.236= 0.157
The tension and shear demand of the heat exchanger are summarized in Table 3.13.
Table 3.13 MedianTension and Shear Demand of Heat Exchanger under NUREG Spectrum
at 0.5g S¯A
Controlling Direction Shear Force (kips) Tension Force (kips)
Longitudinal 9.19 4.17
Transverse 4.02 5.24
Median Seismic Capacity
Median strength factor F
S,m
from the controlling failure mode, i.e., shear-tension interaction
failure in longitudinal direction, is calculated as
.F
S, m
= C−DNS
DS+1CS
=
VST−0.7
VST
NST
NDL
VLong+0.7
VST
NST
NLong
=
23.26 − 0.7× 23.2634.89 ×(−6.11)
9.19 + 0.7× 23.2634.89 ×4.17
= 2.366.
(3.2.40)
Therefore, median factor of safety Fm=FS, m=2.366.
Median seismic capacity of the heat exchanger is then given by
Am = Fm ·ARLE = 2.366×0.5 g S¯A = 1.183 g S¯A. (3.2.41)
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Logarithmic Standard Deviations
Since S¯A is chosen as GMP, earthquake response spectrum variability is reduced. Table 3.14
enumerates logarithmic standard deviations in F contributed from basic variables.
Table 3.14 The Variability of F from Response and Capacity Variables
Case Variable Randomness Uncertainty F β
0 Base Case Variable at median 2.37
Response Variables Variable at median plus 1σ F1σ βR βU
1
Earthquake response spectrum shape
anchored to S¯A
SA( FL) e
0.20
SA( FT) e
0.20
SA( FL) e
0.0
SA( FT) e
0.12
1.94 0.20 0.01
2 Horizontal direction peak response
SA( FL) e
0.13
SA( FT) e
−0.13 2.12 0.11
3 Vertical component response SA( F V) e
0.34 2.35 0.01
4 Damping
SA( FL) e
0.15
SA( FT) e
0.03
2.06 0.14
5 Frequency SA( FT) e
0.05 2.36 0.0
6 Modal shape
SA( FL) e
0.05
SA( FT) e
0.05
2.25 0.05
7 Modal combination
SA( FL) e
0.05
SA( FT) e
0.05
2.25 0.05
8 Earthquake component combination
Abs. Sum
at 2.3σ
2.18 0.08
Capacity Variable Variable at median minus 1σ F−1σ βR βU
9 Anchor bolts
VST e
−0.10
NST e
−0.13 2.16 0.09
SRSS Combination βR βU
0.245 0.172
βC 0.30
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Seismic Fragility Curves
Having obtained median seismic capacity Am and logarithmic standard deviations βR and
βU, seismic fragility curves in terms of S¯A are plotted in Figure 3.14.
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Figure 3.14 Seismic fragility curves in terms of S¯A under NUREG spectrum
In addition, HCLPF seismic capacity in terms of S¯A is obtained as
CHCLPF = Am e(βR+βU)8
−1(0.05) = 1.183×e−1.6449(0.245+0.172) = 0.595g S¯A. (3.2.42)
Recalling that the ratio of spectral acceleration at the plateau to PGA is 2.12 from NUREG
spectrum, indicating that equivalent HCLPF seismic capacity in terms of PGA is given by
CHCLPF =
0.595
2.12
g PGA = 0.281g PGA. (3.2.43)
Compared to HCLPF seismic capacity of 0.245g using PGA as GMP, choosing S¯A as GMP
has a 14.6% increase.
76
3.2 numerical example for horizontal heat exchanger
Comparison of NUREG Spectrum Anchoring to PGA and ¯SA
The seismic fragility results show that use of GMP has noticeable effect on HCLPF seismic
capacity estimate of the heat exchanger. This is mainly because earthquake response spec-
trum shape uncertainty in SA( FL) is removed when S¯A is taken as GMP (see Table 3.14). As
a result, βU of total epistemic uncertainty in F has a remarkable reduction, i.e., 0.172 (S¯A is
GMP) compared to 0.254 (PGA is GMP).
In nuclear power plants, fundamental frequencies of most of safety-related structures,
systems, and components (SSCs) are located in frequency range between 2 and 10 Hz.
Choosing PGA as GMP will introduce large earthquake response spectrum shape uncer-
tainty. Therefore, to reduce this uncertainty, average spectral acceleration S¯A should be
chosen as GMP. Here S¯A instead of spectral accelerations at the fundamental frequencies of
SSCs is chosen as GMP, because in Seismic Probabilistic Risk Analysis and Seismic Margin
Assessment, a single GMP is used. Choosing S¯A as GMP ensures that GMP is consistent in
seismic fragility analysis for different safety-related SSCs.
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3.3 Summary
In this Chapter, current seismic fragility analysis method is introduced first. Numerical
example for a horizontal heat exchanger is performed to investigate the influences of spectral
shape of Review Level Earthquake (RLE) and use of ground motion parameter (GMP). The
results show that both spectral shape and GMP have remarkable effect in estimating High
Confidence and Low Probability of Failure seismic capacity of the heat exchanger.
Based on current seismic fragility analysis method, in order to obtain more accurate
HCLPF seismic capacities of safety-related structures, systems, and components, two rec-
ommendations are presented:
§ for nuclear power plants in eastern North America, site-specific uniform hazard spec-
trum should be defined as RLE;
§ when a generic ground response spectrum is chosen as RLE, average spectral acceler-
ation S¯A between 5 and 10 Hz should be taken as GMP.
Nevertheless, the recommendations cannot completely resolves the problems in current
method. Due to inherent variability in earthquake motions, a single GMP is not sufficient to
characterize earthquake response spectra. In addition, ground motion intensity effect can-
not be incorporated into current method. To resolve these problems, vector-valued GMPs
(VGMPs) should be introduced to quantify seismic capacities of safety-related structures,
systems, and components.
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4C H A P T E R
Weighting Seismic Fragility Analysis
In this Chapter, weighting seismic fragility analysis method is firstly proposed. Vector-
valued ground motion parameters (VGMPs) are used to characterize earthquake response
spectra, aiming to obtain more accurate seismic capacities of safety-related structures,
systems, and components. Weighting seismic fragility curves and High Confidence and Low
Probability of Failure seismic capacities are represented by a single GMP such as PGA, hence
they are readily incorporated into Seismic Probabilistic Risk Analysis and Seismic Margin
Assessment. Therefore, the proposed method is beneficial and applicable for determining
more reliable plant seismic capacity.
To illustrate the procedure of the proposed method and demonstrate its advantages, nu-
merical example for a horizontal heat exchanger in Darlington nuclear generating station
is performed. The results show that the proposed method can provide more reliable seis-
mic capacity estimate and more accurate mean annual frequency of occurrence of failure
estimate.
4.1 Seismic Probabilistic Risk Analysis considering
VGMPs
In current seismic fragility analysis, Review Level Earthquake anchoring to a single ground
motion parameter (GMP) at a specified screening level is defined as seismic input. The
consequential problems are demonstrated in Chapter 3.
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In nuclear power industry, seismic capacities are usually used to represent structural
capabilities withstanding potential earthquakes at the site of interest. The uncertainties in
seismic capacity estimates of safety-related structures, systems, and components (SSCs) are
contributed from two sources, i.e., structural capacity and structural response. Engineering
practice has recognized that, ground motion uncertainty contributes significantly to struc-
tural response uncertainty. Comparing to structural capacity uncertainty and other basic
response uncertainties, ground motion uncertainty is more likely to be reduced.
It is well known, from elastic structural dynamic analyses, structural responses under
earthquake excitations primarily depend on spectral accelerations at its dominant frequen-
cies. In existing nuclear power plants, dominant frequencies of most safety-related SSCs
lie in the frequency range between 2 and 10 Hz. By choosing spectral accelerations at
dominant frequencies and commonly used PGA as vector-valued GMPs (VGMPs), ground
motion uncertainty is effectively reduced.
In two-dimensional case, spectral acceleration at the first dominant frequency of a safety-
related SSC and PGA are chosen as VGMPs. In this study, SA( F1=50 Hz) is taken as PGA.
The probability of failure of the SSC due to an earthquake with magnitude above the lower
bound (e.g. m=4.75) is determined by total probability formula, i.e.,
p =
∫ ∞
0
∫ ∞
0
p
F
(s1, s2) · FSA( F1), SA( F2)
(
s1, s2
)
ds1ds2, (4.1.1)
where p
F
(s1, s2) is the seismic fragility in terms of VGMPs. This thesis firstly proposes seis-
mic fragility analysis considering VGMPs method to calculate p
F
(s1, s2). FSA( F1), SA( F2)
(
s1, s2
)
is the joint probability density function of VGMPs, which is determined by vector-valued
Probabilistic Seismic Hazard Analysis (VPSHA) (see Chapter 2).
F
SA( F1), SA( F2)
(
s1, s2
)
can be rewritten in conditional form as
F
SA( F1), SA( F2)
(
s1, s2
) = F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1) · FSA( F1)(s1). (4.1.2)
Combining equations (4.1.1) and (4.1.2) gives probability of failure:
p =
∫ ∞
0
∫ ∞
0
p
F
(s1, s2) ·
[
F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1) · FSA( F1)(s1)
]
ds1ds2
=
∫ ∞
0
{∫ ∞
0
p
F
(s1, s2) · FSA( F2)
∣∣SA( F1)
(
s2
∣∣ s1)ds2
}
F
SA( F1)
(
s1
)
ds1. (4.1.3)
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The integral in the big parentheses of equation (4.1.3) is defined as weighting seismic
fragility:
p¯
F
(s1) =
∫ ∞
0
p
F
(s1, s2) · FSA( F2)
∣∣SA( F1)
(
s2
∣∣ s1)ds2. (4.1.4)
“Weighting” indicates that seismic fragilities given input ground response spectra with
spectral values s2 at SA( F1)= s1 are weighted according to their probability of occurrences.
F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1) is probability density function of {SA( F2) ∣∣SA( F1)} , which is deter-
mined by VPSHA.
Therefore, annual frequency of occurrence of the failure of the SSC is determined by
γ = ν ·p =
∫ ∞
0
p¯
F
(s1)
[
ν · F
SA( F1)
(
s1
)]
ds1 = −
∫ ∞
0
p¯
F
(s1)
dH(s1)
ds1
ds1, (4.1.5)
where ν is annual rate of occurrence of earthquake above the lower bound magnitude, and
H(s1) is seismic hazard at the site of interest. H(s1) is obtained from PSHA.
To determine annual rate of occurrence of an adverse consequence (e.g. core damage
accident), p¯
F
(s1) of SSCs need to be propagated to plant damage state seismic fragility by
means of system analysis (see Chapter 1).
Discussions and Recommendations
It needs to make clear that the number of VGMPs can be extended to higher dimensions.
However, in engineering applications, computational cost and accuracy should be balanced.
When an SSC is first several mode dominant, two GMPs, i.e., spectral acceleration at the
first dominant mode and PGA, can be chosen as VGMPs. Since weighting seismic fragility is
represented by PGA, thus it is readily incorporated into Seismic Probabilistic Risk Analysis
while preserves the benefits of the use of VGMPs.
Engineering practice has recognized that, “weak link” SSCs contribute significantly to
plant seismic capacity and seismic risk estimates. Therefore, in engineering applications,
weighting seismic fragility analysis method can be performed to calculate seismic capacities
of “weak link” components, while current seismic fragility analysis method is conducted to
determined seismic capacities of less important SSCs. This ensures that plant seismic ca-
pacity and seismic risk estimates are more accurate, while computational cost is acceptable.
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4.2 Methodology of Weighting Seismic Fragility Analysis
In two-dimensional case, weighting seismic fragility with respect to SA( F1) is obtained as
p¯
F
(s1) =
∫ ∞
0
p
F
(s1, s2) · FSA( F2)
∣∣SA( F1)
(
s2
∣∣ s1)ds2. (4.2.1)
In applications, SA( F1) and SA( F2) are usually truncated at lower bounds (e.g. 0.05g)
and upper bounds (e.g. 5g). Numerical method is applied to calculate the integral in
equation (4.2.1) by
p¯
F
(s1) =
N2∑
I2 = 1
[
p
F
(
s1, s
(I2)
2
) ·w(s(I2)2 6 s2< s(I2+1)2 ∣∣ s1)], (4.2.2)
where N2 is the number of intervals of SA( F2) and w
(
s
(I2)
2 6 s2< s
(I2+1)
2
∣∣ s1) is the weight of
input ground response spectrum (GRS) with spectral value s
(I2)
2 at SA( F1)= s1.
Figure 4.1 A flow diagram of weighting seismic fragility analysis method
Figure 4.1 shows a flow diagram for developing weighting seismic fragility curves. The
procedure mainly includes three parts:
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1. vector-valued PSHA is performed to determine the weights of input GRS;
2. seismic fragility analysis considering vector-valued GMPs (VGMPs) method is con-
ducted to determine seismic fragility based on VGMPs;
3. weights of input GRS and seismic fragility are combined to obtain the weighting
seismic fragility of an SSC.
By using VGMPs, problems in current seismic fragility analysis are resolved. To better
illustrate the proposed method, three consecutive parts are presented in the following.
4.3 Vector-valued Probabilistic Seismic Hazard Analysis
Annual Rate Density
As in Chapter 2, in two-dimensional case, the annual rate density of
{
SA( F2)
∣∣SA( F1)} is
given by
F ′
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1) =
NS∑
I= 1
νI
{
F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1)}. (4.3.1)
where F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1) is probability density function (PDF) of {SA( F2) ∣∣SA( F1)}.
The results of VPSHA are a set of curves representing annual rate density of SA( F2) with
respect to a set of spectral values of SA( F1). Take a safety-related SSC with its first dominant
frequency F=5 Hz for example. SA( F=5 Hz) and PGA (i.e. SA( F1=50 Hz)) are chosen as
VGMPs. Assume the SSC is located in Darlington nuclear generating station. By performing
VPSHA (see Chapter 2), mean annual rate density of SA( F2) at three PGA values are shown
in Figure 4.2.
Given a PGA value, the inherent variability in earthquake response spectra at SA( F ) can
be captured by its distribution (see Figure 4.2 for example). In addition, ground motion
intensity effect considered by taking a lot of PGA values in equation (4.3.1).
Weights of Input GRS
Taking lower and upper bounds as sL =
{
sL, 1, sL, 2
}
and sU =
{
sU, 1, sU, 2
}
, the domain
s = {s1, s2} is discretized into intervals sL, 1= s(0)1 < s(1)1 < · · · < s(N1)1 = sU, 1, sL, 2= s(0)2 <
s
(1)
2 < · · · < s
(N2)
2 = sU, 2. For example, as shown in Figure 4.3, given SA( F1)= s1=0.6g,
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Figure 4.2 Mean annual rate density of SA( F ) at three PGA values
numerical method is applied to calculate the annual rate of occurrence of s2 in the interval
between s
(I2)
2 and s
(I2+1)
2 by
λ
(
s
(I2)
2
6 s2< s
(I2+1)
2
∣∣ s1=0.6g) =
∫ s(I2+1)2
s
(I2)
2
F ′
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1=0.6g)ds2
≈
NS∑
I= 1
νI
{
F
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1=0.6g)1s(I2)2 }. (4.3.2)
Given SA( F1)=0.6g, annual rate of occurrences of s2 in the entire spectral domain of
SA( F2) is given by
λ
(
sL, 26 s2< sU, 2
∣∣ s1=0.6g) =
∫ sU, 2
sL, 2
F ′
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1=0.6g)ds2
≈
NS∑
I= 1
νI
{ N2∑
I2 = 1
[
F
SA(s2)
∣∣SA( F1)
(
s
(I2)
2
∣∣ s1=0.6g)1s(I2)2 ]
I2
}
.
(4.3.3)
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The normalizing constant NF of function F
′
SA( F2)
∣∣SA( F1)
(
s2
∣∣ s1=0.6g) is defined as
NF =
1
λ
(
sL, 26 s2< sU, 2
∣∣ s1=0.6g) =
1
K ·
NS∑
I= 1
νI
, (4.3.4)
where K is the probability that s2 in the entire spectral domain of SA( F2) , i.e.,
K =
N2∑
I2 = 1
[
F
SA(s2)
∣∣SA( F1)
(
s
(I2)
2
∣∣ s1=0.6g)1s(I2)2 ]
I2
. (4.3.5)
Due to the truncation of spectral domain, K is always smaller than 1.
Therefore, the weight of input ground response spectrum with with spectral value of
SA( F2) in the interval between s
(I2)
2 and s
(I2+1)
2 , representing the probability that s2 in this
interval, is calculated by
w
(
s
(I2)
2
6 s2< s
(I2+1)
2
∣∣ s1) = NF · F ′SA( F2)∣∣SA( F1)(s(I2)2 ∣∣ s1=0.6g)1s(I2)2 (4.3.6a)
=
NS∑
I= 1
νI
{
F
SA( F2)
∣∣SA( F1)
(
s
(I2)
2
∣∣ s1=0.6g)1s(I2)2 }
K ·
NS∑
I= 1
νI
(4.3.6b)
= 1
K
·
{
F
SA( F2)
∣∣SA( F1)
(
s
(I2)
2
∣∣ s1=0.6g)1s(I2)2 }. (4.3.6c)
In the calculation of weights, equation (4.3.6a) is usually used, because the output of VPSHA
is annual rate density function instead of probability density function.
As shown in Figure 4.3, for example, given SA( F1)=0.6g, the weight of s2 in the interval
between 0.8g and 0.82g is given by
w
(
0.8g6 s2< 0.82g
∣∣ s1=0.6g) = NF · F ′SA( F2)∣∣SA( F1)(s2 ∣∣ s1=0.6g)1s(I2)2
=
F ′
SA( F2)
∣∣SA( F1)
(
s2=0.8g
∣∣ s1=0.6g) ·0.2g
λ
(
0.2g6 s2< 2.0g
∣∣ s1=0.6g) . (4.3.7)
The red column area in Figure 4.3 is the numerator in equation (4.3.7), while the entire area
below the curve is the denominator in equation (4.3.7).
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Figure 4.3 Calculation of weights of input GRS with spectral values s2 given PGA=0.6g
4.4 Seismic Fragility Analysis considering VGMPs
4.4.1 Definition
Suppose a structure having two natural frequencies F1 and F2. The seismic fragility of this
structure is expressed as the conditional probability that structural seismic demand exceeds
its capacity, given a ground motion level in terms of SA( F1) and SA( F2), i.e.,
p
F
(s1, s2) = P
{
C<D(s1, s2)
∣∣SA( F1)= s1, SA( F2)= s2}, (4.4.1)
where C is the structural capacity, and D is the seismic demand. F1 and F2 are natural
frequencies of the structure. s1 and s2 are spectral values of VGMPs from an earthquake
response spectrum at the site of interest.
In nuclear power industry, safety-related structures, systems, and components (SSC)
are designed to behaviour elastically during earthquake ground motions. Therefore, in
this thesis, response spectrum analysis method is used to calculate structural responses of
these SSCs. Recall that in response spectrum analysis method, only spectral accelerations
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at structural natural frequencies are needed. When VGMPs are used, a smooth ground
response spectrum (GRS) with spectral values s1 and s2 can be used to represent the
earthquake response spectrum at the site of interest.
As opposed to a single Review Level Earthquake in current seismic fragility analysis,
given a spectral value s1 of SA( F1) , a great number of GRS with different spectral values
of SA( F2) are defined as seismic input, accounting for aleatory randomness in estimating
SA( F2). By changing spectral values of SA( F1) , ground motion intensity effect is taken into
consideration. Three examples of GRS are shown in Figure 4.4, in which s
(I1)
1 and s
(I2)
2 are
from one combination of spectral values of VGMPs.
Frequency (Hz)
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Figure 4.4 An example of GRS Representing Earthquake Response Spectra
Given an input GRS, D and C are univariate random variables due to response uncer-
tainty and structural capacity uncertainty, respectively. Figure 4.5 shows an example of
probability density functions (PDFs) of structural shear strength C and shear force D given
an input GRS. It needs to make clear that p
F
(s1, s2) is not cumulative distribution function
of VGMPs, but the conditional probability of failure on VGMPs.
For simplicity of presentation, the condition of given “SA( F1)= s1, SA( F2)= s2” (abbre-
viated as SA(f)= s) is usually dropped. Hence, equation (4.4.1) can be rewritten as
p
F
(s) = P{C<D(s) ∣∣SA(f)= s} = P{C<D(s)}. (4.4.2)
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Figure 4.5 An example of PDFs of structural shear strength and force
4.4.2 Determination of Seismic Fragility
As shown in Figure 4.6, the procedure to determine two-dimensional conditional probabil-
ity of failure distributions, i.e., seismic fragility surfaces, mainly consists of three key steps:
structural capacity analysis, seismic demand analysis, and development of seismic fragility
surfaces.
4.4.2.1 Structural Capacity Analysis
For an SSC, a variety of failure modes may result in its failure. Therefore, potential failure
modes should be identified prior to conducting structural capacity analysis. Identification
of potential failure modes is mainly based on experience and judgement (EPRI TR-103959,
EPRI, 1994).
After identifying potential failure modes, structural capacity analysis is performed. Me-
dian material strengths should be used in capacity formulas given in design codes or
textbooks to remove conservatism in the determination of structural capacity.
4.4.2.2 Seismic Demand Analysis
It is recognized that spectral values from realistic ground motions are impossible to
approach infinity; hence it is reasonable to truncate the domain of spectral accelera-
tions s at a reasonable large value sU, such as 5g, in each dimension. In addition,
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(1) Identify potential failure modes
(2) Calculate median structural capacities from potential failure modes 
Structural Capacity Analysis
(1) Truncate spectral domain s and then discretize it into intervals
(2) De"ne the GRS going through s(i) from an interval as seismic input
(3) Calculate median seismic demand Dm(s(i))
(4) Repeat steps (2) and (3) to determine numerical distribution of Dm(s)
Seismic Demand Analysis
(1) Calculate median ratio factor Rm(s(i)) given an input GRS
(2) Calculate logarithmic standard deviations βR(s(i)) and βU(s(i))
(3) Calculate conditional probability of failure p
F
(s(i))
(4) Repeat steps (1) to (3) to determine numerical distributions of p
F
(s)
(5) Approximate seismic fragility surfaces by numerical distributions   
Development of Seismic Fragility Surfaces
 
Figure 4.6 A flow diagram of development of seismic fragility surfaces
spectral values over the entire frequency range of engineering interest are always pos-
itive during an earthquake; hence one can truncate s at a reasonable small value sL,
such as 0.01g, in each dimension. Subsequently, discretize truncated s into intervals
sL, 1= s(0)1 < s(1)1 < · · · < s
(N1)
1 = sU, 1, sL, 2= s(0)2 < s(1)2 < · · · < s
(N2)
2 = sU, 2, in which there
are N1×N2 intervals generated.
Defining a GRS simultaneously going through spectral values s
(I1)
1 , s
(I2)
2 (abbreviated as
s(I)) from an interval as seismic input, Dm(s
(I)) can be determined as follows:
§ For structures located on the ground: Response spectrum analysis method is used to
calculate Dm(s
(I)). Spectral values s(I) in the calculation are directly obtained from the
input GRS.
§ For equipments mounted on structures: Given an input GRS with spectral values s(I),
a direct spectra-to-spectra method is used to calculate the floor response spectra (FRS)
where equipments are located (Jiang et al., 2015; Li et al., 2015). Define the FRS as seismic
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input, response spectrum analysis method is then applied to calculate Dm(s
(I)). Spectral
values at natural frequencies of equipments are obtained from the input FRS.
Applying input GRS with spectral values of GMPs in other intervals as seismic input and
repeating this procedure yield median seismic demand in all intervals. Finally integrating
these values results in two-dimensional numerical distribution of median seismic demand
Dm(s).
4.4.2.3 Development of Seismic Fragility Surfaces
Median Ratio Factor
In seismic FA, an intermediate random variable, called factor of safety F, is usually used
to estimate fragility parameters (see Chapter 3). Similarly, in the proposed method, an
intermediate random variable, termed as ratio factor R, is defined as the ratio of structural
capacity to its seismic demand. Given an input GRS with spectral values s(I), R(s(I)) can be
determined by
R(s(I)) = C
D(s(I))
= FC FRS(s(I)) = Rm(s(I)) εR(s(I)) εU(s(I)), (4.4.3)
where Rm(s
(I)) is median ratio factor. The random variables εR(s
(I)) and εU(s
(I)) are
lognormally distributed with unit median (zero logarithmic mean) and logarithmic stan-
dard deviations of βR(s
(I)) and βU(s
(I)), respectively. Since structure response uncertainty
depends on the input GRS, βR(s
(I)) and βU(s
(I)) depend on the input GRS, i.e., s(I).
For structures located on the ground, median ratio factor Rm(s
(I)) is given by
Rm(s
(I)) = FC, m FRS, m(s(I)), (4.4.4)
where FC, m and FRS, m(s
(I)) are median capacity and response factors (see Chapter 3).
For equipments mounted on structures, Rm(s
(I)) consists of three variables, i.e.,
Rm(s
(I)) = FC, m FRS, m(s(I)) FRE, m(s(I)), (4.4.5)
where FRE, m(s
(I)) is median equipment response factor (see Chapter 3).
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Logarithmic Standard Deviations
The variability of R due to capacity and response variables is determined according to the
methods in Chapter 3. Recall that in the proposed method, a large number of input GRS
(see Figure 4.4), rather than a generic GRS (e.g. NUREG/CR-0098 median rock response
spectrum), are used to calculate structural seismic demand; the procedure for determining
logarithmic standard deviations in structural response due to damping variability is slightly
different from that given in seismic fragility analysis guides (EPRI, 1994; EPRI, 2009).
Generally, design response spectra are defined for structures with 5% damping ratio.
In practice, however, many types of structures have smaller damping ratios (such as steel
structures) or larger damping ratios (such as piping systems). For generic GRS, empirical
damping modification factors (DMFs) are used to adjust response spectral values with
5% damping ratio to other damping ratios (CSA N289.3-10, CSA, 2010; NUREG-CR-
0098, USNRC, 1978; R.G. 1.60, USNRC, 2014a). For site-specific GRS, many studies are
performed to obtain empirical DMFs incorporating site conditions and ground motion
characteristics (Cameron and Green, 2007; Rezaeian et al., 2012; SRP 3.7.1, USNRC, 2014b).
In the proposed method, the input GRS are input site-specific response spectra; hence
DMFs given in Appendix C of SRP 3.7.1 (USNRC, 2014b) may be used to estimate spectral
values at damping levels other than 5% damping ratio.
Conditional Probability of Failure given an Input GRS
In terms of the ratio factor, conditional probability of failure of an SSC given an input GRS
simultaneously going through s(I) can be rewritten as
p
F
(s(I)) = P{C<D(s(I))} = P{ C
D(s(I))
< 1
}
= P{R(s(I))< 1}. (4.4.6)
Note that R(s(I)) is lognormally distributed from equation (4.4.3). Due to lack of knowl-
edge, the estimated median ratio factor RUm(s
(I))=Rm(s(I))εU(s(I)) is lognormally dis-
tributed with RUm(s
(I))∼ NL
(
lnRm(s
(I)), β2U(s
(I))
)
. Hence, RUm, q(s
(I)) at the confidence
level Q=q, can be expressed as
RUm, q(s
(I)) = Rm(s(I)) εU,q(s(I)) = Rm(s(I))e−βU(s
(I ))8−1(q). (4.4.7)
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Finally, seismic fragility, or the conditional probability of failure of the SSC given s(I), at
confidence level Q=q, is given by
p
F, q
(s(I)) = P{R(s(I))< 1} = 8{ ln[1/Rm(s(I))] + βU(s(I))8−1(q)
βR(s
(I))
}
. (4.4.8)
When composite variability is used,
p
F
(s(I)) = 8
{
ln[1/Rm(s
(I))]
βC(s
(I))
}
, βC(s
(I)) =
√
β2R(s
(I))+ β2U(s(I)). (4.4.9)
Development of Fragility Surface
Employing GRS from other intervals as seismic input, and repeating the procedure give
conditional probabilities of failure from all intervals of spectral domain s. The outcome
of seismic fragility analysis considering VGMPs is a family of numerical two-dimensional
conditional probability of failure distributions. When composite variability is used, it is
a mean numerical conditional probability of failure distribution. As long as the spectral
increment is reasonable small, e.g., 0.01g, seismic fragility surfaces can be approximated
by numerical distributions of conditional probability of failure.
4.4.3 Summary
In this Section, seismic fragility analysis considering vector-valued GMPs (VGMPs) method
is presented. Spectral accelerations at structural natural frequencies, i.e., SA( F1) and SA( F2),
are chosen as VGMPs. By using VGMPs, the aleatory randomness in earthquake response
spectra and ground motion intensity effect are taken into account. Since response spectrum
analysis method is used to calculate structural response, the determination of seismic
fragility surfaces is time efficient even although a great number of input GRS are defined as
seismic input.
4.5 Development of Weighting Seismic Fragility Curves
4.5.1 Weighting Seismic Fragility and HCLPF Seismic Capacity
Let s(I)=
{
s1, s
(I2)
2
}
, seismic fragility or the conditional probability of failure at confidence
level Q=q, given input GRS going through s(I), is given by equation (4.4.8). Therefore, the
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weighting seismic fragility given SA( F1)= s1 can be determined by equation (4.2.2), i.e.,
p¯
F, q
(s1) =
N2∑
I2 = 1
[
p
F, q
(s(I)) ·w(s(I2)2 6 s2< s(I2+1)2 ∣∣ s1)], (4.5.1)
where w
(
s
(I2)
2
6 s2< s
(I2+1)
2
∣∣ s1) is the weight of input GRS with spectral values s(I).
Changing value s1 of SA( F1) from lower bound value of 0.05g to upper bound value
of 5g, and repeating above procedure give a numerical distribution of weighting seismic
fragility at confidence level Q=q. Since the sizes of intervals are very small, the weighting
seismic fragility curve of an SSC can be well represented by this numerical distribution.
In practice, confidence level Q is usually taken as discrete values, such as 5%, 50%, and
95%. Therefore, seismic capacity of an SSC can be characterized by a family of weighting
seismic fragility curves.
When composite variability is used,
p
F, C
(s(I)) = 8
{
ln[1/Rm(s
(I))]
βC(s
(I))
}
, βC(s
(I)) =
√
β2R(s
(I))+ β2U(s(I)). (4.5.2)
Hence, the weighting composite seismic fragility given SA( F1)= s1 can be determined by
p¯
F, C
(s1) =
N2∑
I2 = 1
[
p
F, C
(s(I)) ·w(s(I2)2 6 s2< s(I2+1)2 ∣∣ s1)]. (4.5.3)
Instead of a family of weighting seismic fragility curves, a weighting composite (mean)
seismic fragility curve could be used to represent seismic capacity of an SSC.
In current SMA, HCLPF seismic capacity is used to represent structural seismic capacity.
To determine the weighting HCLPF seismic capacity, weighting seismic fragility curve
at confidence level Q = 95% is used. Taking seismic fragility p¯
F, q
= 5%, one can easily
find weighting HCLPF seismic capacity ( C¯ HCLPF ) from this curve, in which C¯ denotes
weighting capacity.
When composite variability is used, weighting mean seismic fragility curve is taken
to determine the weighting HCLPF seismic capacity. Seismic capacity ( C¯ C1%, where the
superscript “C” stands for “composite”) can be easily determined from this curve using
seismic fragility p¯
F, C
= 1%. In applications, C¯ HCLPF can be approximated by C¯ C1%.
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4.5.2 Generalization of Weighting Seismic Fragility Analysis
The number of VGMPs can be extended to n-dimension. Spectral accelerations SA( F1), . . . ,
SA( Fn) (abbreviated as SA(f)) are chosen as VGMPs. Seismic fragility with respect to
SA( FK) is determined by
p¯
F
(sK) =
∫ ∞
0
· · ·
∫ ∞
0︸ ︷︷ ︸
(n−1)
p
F
(s) · F
SA(f
′
K)
∣∣SA( FK)
(
s ′K
∣∣ sK) ds1 · · · dsn︸ ︷︷ ︸
(n−1)without sK
, (4.5.4)
where p
F
(s) is the seismic fragility which can be determined by seismic fragility analysis
considering VGMPs method. F
SA(f
′
K)
∣∣SA( FK)
(
s ′K
∣∣ sK) is probability density function (PDF)
of
{
SA(f
′
K)
∣∣SA( FK)} which can be calculated by VPSHA. SA(f ′K) stands for SA(f) without
SA( FK), and s
′
K represents s without sK.
Numerical method is applied to calculate the integral in equation (4.5.4) by
p¯
F
(sK) =
N1∑
I1 = 1
· · ·
Nn∑
In = 1︸ ︷︷ ︸
(n−1)without IK
[
p
F
(s(I)) ·w(s′(I)6 s ′K< s′(I+1) ∣∣ sK)], (4.5.5)
Taking lower and upper bounds as sL =
{
sL, 1, . . . , sL, n
}
and sU =
{
sU, 1, . . . , sU, n
}
, the
domain s is discretized into intervals sL, 1= s(0)1 < s(1)1 < · · · < s
(N1)
1 = sU, 1, . . . , sL, n= s(0)n <
s
(1)
n < · · · < s(Nn)n = sU, n.
Given SA( FK)= sK, the annual rate of occurrence of s ′K in the interval between s′(I) and
s′(I+1) can be determined by the VPSHA, i.e.,
λ
(
s′(I)6 s ′K< s
′(I+1) ∣∣ sK) =
∫ s(I1+1)1
s
(I1)
1
· · ·
∫ s(In+1)n
s
(In)
n︸ ︷︷ ︸
(n−1)without s(IK)K to s
(I
K
+1)
K
F ′
SA(f
′
K)
∣∣SA( FK)
(
s ′K
∣∣ sK) ds1 · · · dsn︸ ︷︷ ︸
(n−1)without sK
,
(4.5.6)
where F ′
SA(f
′
K)
∣∣SA( FK)
(
s ′K
∣∣ sK) is mean annual rate density of {SA(f ′K) ∣∣SA( FK)}.
Let s′L =
{
sL, 1, . . . , sL, K−1, sL, K+1, . . . , sL, n
}
and s′U =
{
sU, 1, . . . , sU, K−1, sU, K+1, . . . , sU, n
}
.
Given SA( FK)= sK, the annual rate of occurrence of s ′K in interval between s′L and s′U is then
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given by
λ
(
s′L6 s
′
K
6 s′U
∣∣ sK) =
∫ sU,1
sL,1
· · ·
∫ sU, n
sL, n︸ ︷︷ ︸
(n−1)without sL, K to sU, K
F ′
SA(f
′
K)
∣∣SA( FK)
(
s ′K
∣∣ sK) ds1· · · dsn︸ ︷︷ ︸
(n−1)without sK
≈
N1∑
I1 = 1
· · ·
Nn∑
In = 1︸ ︷︷ ︸
(n−1)without IK
[
F ′
SA(f
′
K)
∣∣SA( FK)
(
s′(I)
∣∣ sK) 1s(I1)1 · · ·1s(In)n︸ ︷︷ ︸
(n−1)without 1s(IK)K
]
. (4.5.7)
Given SA( FK)= sK, combining equations (4.5.6) and (4.5.7) gives the weight of input GRS
with spectral values of remaining (n−1) GMPs in interval between s′(I) and s′(I+1), i.e.,
w
(
s′(I)6 s ′K< s
′(I+1) ∣∣ sK) = λ
(
s′(I)6 s ′K< s
′(I+1) ∣∣ sK)
λ
(
s′L6 s
′
K
6 s′U
∣∣ sK) . (4.5.8)
4.5.3 Discussion and Summary
For most safety-related SSCs, the first a few modes contribute most to the total structural
response. It is therefore reasonable to choose the spectral accelerations at a few natural
frequencies as VGMPs. The correlations among spectral accelerations at remaining natural
frequencies and a chosen GMP can be taken as 1.0, i.e., spectral accelerations at remaining
natural frequencies are fully correlated with one of VGMPs. This technique can ensure that
more accurate seismic capacities of safety-related SSCs are obtained while computational
cost is acceptable.
In this Section, the weighting seismic fragility is determined based on the VPSHA and
seismic fragility analysis considering VGMPs method. It is noted that, since a great number
of input GRS are used to determine the weighting seismic fragility, structural seismic
capacity probably no longer follows lognormal distribution. By using VGMPs, weighting
seismic fragility analysis method resolves the problems in current method. Furthermore,
weighting seismic fragility curves or HCLPF seismic capacity are in terms of a single GMP;
hence it can be readily incorporated into Seismic Probabilistic Risk Analysis and Seismic
Margin Assessment.
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4.6 Numerical Example for Horizontal Heat Exchanger
To demonstrate the benefits of weighting seismic fragility analysis method, weighting seis-
mic fragility curves and HCLPF seismic capacities in terms of PGA are determined for a
heat exchanger in Darlington nuclear generating station.
4.6.1 Weights of Input GRS
As in Chapter 3, the heat exchanger has three natural frequencies corresponding to three
directions. Since the natural frequency in transverse direction FT = 25.4 Hz is quite high,
the correlation (ρ=0.982) between lnSA( FT) and ln(PGA) is close to 1.0. To illustrate
mean annual rate density distribution, the correlation between lnSA( FT) and ln(PGA) is
taken as 1.0; two GMPs, i.e., spectral acceleration at the natural frequency in the longitu-
dinal direction SA( FL) and PGA, are used. The correlation coefficient between lnSA( FL)
and ln(PGA) is equal to 0.905 (Baker and Jayaram, 2008).
Mean Annual Rate Density
VPSHA is performed to calculate mean annual rate density of SA( FL)
∣∣PGA as
F ′
SA( FL)
∣∣PGA
(
s2
∣∣ s1) =
NS∑
I= 1
νI
{
F
SA( FL)
∣∣PGA
(
s2
∣∣ s1)
}
, (4.6.1)
where F
SA( FL)
∣∣PGA
(
s2
∣∣ s1) is PDF of SA( FL) ∣∣PGA.
The results of VPSHA are a set of curves representing aleatory randomness in estimating
SA( FL) given a set of PGA values. Figure 4.7 shows three curves given three PGA values.
Weights of input GRS
Given a PGA value, the weights of input GRS with spectral values of SA( FL) can be deter-
mined by equation (4.3.6a). Taking s1=0.6g as an example (see Figure 4.8), the red curve
denotes mean annual rate density of SA( FL) given PGA=0.6g. The annual rate of occur-
rence λ
(
0.1g6 s265g
∣∣ s1=0.6g)=0.215 is the area under the blue curve. In addition,
one can calculate the annual rate of occurrence λ
(
0.8g6 s260.825g
∣∣ s1=0.6g)=0.009
(red column in Figure 4.8). The weight of input GRS in the interval between 0.8g and
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Figure 4.7 Mean annual rate density of SA( FL) given three PGA values
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Figure 4.8 Mean annual rate density of SA( FL) given PGA=0.6g
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0.825g is determined by
w
(
0.8g6 s260.825g
∣∣ s1=0.6g) = λ
(
0.8g6 s260.825g
∣∣ s1=0.6g)
λ
(
0.1g6 s265g
∣∣ s1=0.6g) =
0.009
0.215
= 0.042.
(4.6.2)
Changing the spectral value of SA( FL) from 0.1g to 5g, the weights for all input GRS
intervals can be obtained.
In current seismic fragility analysis, site-specific UHS is recommended to be chosen as
RLE (see Chapter 3). In the generation of UHS, lnSA( FL) and lnPGA are assumed to
be fully correlated. Given PGA= s1=0.6g , a unique spectral value SA( FL)=0.852g is
obtained from the UHS (see Figure 4.8). Compared to SA( FL) based on VPSHA (see the
curve in Figure 4.8), UHS is more likely to overestimate the spectral value of SA( FL).
4.6.2 Development of Seismic Fragility Surfaces
The correlation between lnSA( FT) and ln(PGA) is taken as 1.0. Given a PGA value,
seismic hazard that spectral value of SA( FT) is expected to be exceeded is equal to seismic
hazard that the given PGA value is expected to be exceeded (see Discussion of Section 2.2
in Chapter 2). Therefore, as shown in Figure 4.9, given a value of PGA, one can easily find
seismic hazard, i.e., mean annual frequency of exceedance (AFE), with respect to this PGA
value from mean seismic hazard curve for PGA. Based on this mean AFE value, spectral
acceleration SA( FT) can be obtained from mean seismic hazard curve for SA( FT). Take
PGA=0.1g as an example. Given PGA=0.1g, it is easily to obtain mean AFE value of
4.677×10−4. Based on this mean AFE value, one can find SA( FT)=0.134g from seismic
hazard curve for SA( FT). Changing PGA values from 0.05g to 2.5g, one can determine
the corresponding spectral values of SA( FT) accordingly. Therefore, only two GMPs, i.e.,
SA( FL) and PGA are needed in the generation of input GRS and then in the subsequent
development of seismic fragility surfaces.
4.6.2.1 Procedure
To account for aleatory randomness in earthquake response spectra, a great number of
input GRS corresponding to various combinations of SA( FT) and PGA are defined as
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Figure 4.9 Mean seismic hazard curves with respect to SA( FT) and PGA
seismic input for developing seismic fragility surfaces of the heat exchanger. The procedure
for developing seismic fragility surfaces is given briefly as follows:
1. Calculate median capacities of the heat exchanger from potential failure modes.
2. Discretize spectral domain of SA( FL) and PGA into suitable intervals:
(1) Truncate spectral domain at a reasonably small value (0.05g) and at a reasonably
large value (5g).
(2) Uniformly discretize spectral domain in logarithmic scale into 200×200 intervals.
3. Calculate median seismic demand of the heat exchanger:
(1) Define the GRS with spectral acceleration values from an interval as seismic input.
(2) Calculate median seismic demand of the heat exchanger given the input GRS.
(3) Repeat Steps (1) and (2) to determine median seismic demand given input GRS
with spectral acceleration values from all intervals.
4. Determine numerical distributions of seismic fragility for the heat exchanger:
(1) Calculate median ratio factor Rm given an input GRS.
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(2) Calculate logarithmic standard deviations βR and βU given the input GRS.
(3) Determine conditional probability of failure value given the input GRS.
(4) Repeat Steps (1) to (3) to calculate conditional probability of failure values for all
input GRS.
(5) Integrate conditional probability of failure values to obtain numerical conditional
probability of failure distributions.
As long as the intervals are reasonably small, seismic fragility surfaces can be well repre-
sented by numerical conditional probability of failure distributions.
4.6.2.2 Conditional Probability of Failure Given an Input GRS
To illustrate the procedure presented in Section 4.6.2.1, conditional probability of failure
given an input GRS is calculated. Median capacities of the heat exchanger have been
obtained in Chapter 3, hence structural capacity analysis is not performed here.
Seismic Demand Analysis
Response spectrum analysis method is used to calculate median seismic demand of the heat
exchanger. Prior to performing seismic demand analysis, input GRS needs to be defined (see
Figure 4.10). Herein, the input GRS with spectral values SA( FL)= 0.8g and PGA = 0.6g is
taken for example. Recall that SA( FT) is proportional to PGA. As shown in Figure 4.9, when
PGA = 0.6g, mean AFE value is equal to 1.523×10−5 from seismic hazard curve for PGA;
hence one can obtain spectral value SA( FT)= 0.9g from seismic hazard curve at FT = 25.4
Hz. Therefore, an input GRS going through these three spectral acceleration values, as
shown in Figure 4.10, can be defined as horizontal input GRS. Since response spectrum
analysis method is used, only spectral values at these three frequencies are needed in the
calculation of median seismic demand.
Having defined horizontal input GRS, the vertical input GRS can be obtained using V/H
ratios given in Table 3.8 (AMEC, 2009). Given FV = 50 Hz, one can obtain V/H=0.865 by
linear interpolation in logarithmic scale between 40 Hz and 62.5 Hz; hence spectral accel-
eration in vertical direction SA( FV)= 0.6×0.865 = 0.52g. Table 4.1 summarizes spectral
accelerations in three directions. Assuming that seismic inputs in longitudinal and trans-
100
4.6 numerical example for horizontal heat exchanger
0.1 1 10
0.01
0.1
0.3
0.8
0.91
Frequency(Hz)
Sp
ec
tr
al
 A
cc
el
er
at
io
n
 (
g)
fL fT fV
50
2
Horizontal GRS
0.6
0.2g
w=0.042
w=0.005
w=0.004
Figure 4.10 An example of horizontal input GRS
verse directions are equal in magnitude, seismic inputs in three directions can be applied
simultaneously to calculate median seismic demand of the heat exchanger.
Table 4.1 Spectral Values at Three Frequencies
Direction Frequency (Hz) SA (g)
Longitudinal 8.15 0.8
Transverse 25.4 0.9
Vertical 50 0.865×0.6 = 0.52
Table 4.2 Tension and Shear Demand of Heat Exchanger
Controlling Direction Shear Force (kips) Tension Force (kips)
Longitudinal 14.83 10.07
Transverse 15.88 8.04
Having obtained spectral accelerations in three directions, median tension and shear
demand of the heat exchanger can be determined according to the procedure in Chapter 3,
and are summarized in Table 4.2.
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Median Ratio Factor
Since anchor bolts are subjected to tension and shear simultaneously, a tension-shear
interaction relationship (see Chapter 3) is applied. To determine the median strength factor,
two regions, i.e., pure tension region and shear/tension region are considered.
1. Longitudinal direction controls
• Pure tension region
The median strength factor is given by
F
S1, m
= C − DNS
DS +1CS
= Nmin − NDL
NLong
= 26.76 − (−6.11)
10.07
=3.26. (4.6.3)
• Shear/Tension region
The median strength factor is given by
.F
S2, m
= C−DNS
DS+1CS
=
VST−0.7
VST
NST
NDL
VLong+0.7
VST
NST
NLong
=
23.26 − 0.7× 23.2634.89 ×(−6.11)
14.83 + 0.7× 23.2634.89 ×10.07
=1.34.
(4.6.4)
2. Transverse direction controls
• Pure tension region
The median strength factor is given by
F
S3, m
= C − DNS
DS +1CS
= Nmin − NDL
NTran
= 26.76 − (−6.11)
15.88
=2.07. (4.6.5)
• Shear/Tension region
The median strength factor is given by
.F
S4, m
= C−DNS
DS+1CS
=
VST−0.7
VST
NST
NDL
VTran+0.7
VST
NST
NTran
=
23.26−0.7× 23.2634.89 ×(−6.11)
8.04+0.7× 23.2634.89 ×15.88
=1.69.
(4.6.6)
Therefore, the controlling failure mode is shear-tension interaction failure of anchor bolts
in longitudinal direction. Having obtained median strength factor FS, m = 1.34, neglecting
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inelastic energy absorption effects, i.e., Fµ = 1.0, median ratio factor Rm can be determined
by
Rm = Fµ ·FRS, m ·FS, m = 1.0×1.0×1.34 = 1.34. (4.6.7)
Logarithmic Standard Deviations
The approximate second-moment procedure is applied to calculate the variability of ratio
factor R due to basic capacity and response variables. Table 4.3 enumerates the logarithmic
standard deviations for all basic variables. SRSS rule is used to calculate βR of total
randomness and βU of total uncertainty from basic variables. βC of composite variability is
then determined by
βC =
√
β2R + β2U . (4.6.8)
Determination of Seismic Fragility
Having obtained median ratio factor Rm and logarithmic standard deviations βR and βU ,
given the input GRS, conditional probability of failure p
F, q
(
0.6, 0.8
)
, at confidence level
Q = q, can be determined by
p
F, q
(
0.6, 0.8
∣∣Q=q) = 8{ ln(1/Rm)+ βU8−1(q)
βR
}
. (4.6.9)
In applications, confidence level Q is usually taken as discrete values. Taking confidence
level Q = 95% for example, p
F, q
(
0.6, 0.8
∣∣Q = 0.95) is given by
p
F, q
(
0.6, 0.8
∣∣Q=0.95) = 8{ ln(1/1.34)+ 0.20×8−1(0.95)
0.18
}
= 0.601. (4.6.10)
When composite variability is used, composite (mean) seismic fragility is calculated as
p
F, C
(
0.6, 0.8
) = 8{ ln(1/Rm)
βC
}
= 8
{
ln(1/1.34)
0.27
}
= 0.140. (4.6.11)
Development of Seismic Fragility Surfaces
Defining input GRS with spectral acceleration values at three frequencies from all other
intervals of spectral domain, and repeating the procedure for calculating conditional prob-
ability of failure values result in a family of numerical conditional probability of failure
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Table 4.3 The Variability of R from Response and Capacity Variables
Case Variable Randomness Uncertainty R βI
0 Base Case Variable at median 1.34
Response Variables Variable at median plus 1σ R1σ βR βU
1 Horizontal direction peak response
Sa( FL) e
0.13
Sa( FT) e
−0.13 1.21 0.10
2 Vertical component response Sa( FV) e
0.34 1.32 0.01
3 Damping
Sa( FL) e
0.17
Sa( FT) e
0.16
1.13 0.17
4 Frequency
Sa( FL) e
0.05
Sa( FT) e
0.05
1.27 0.05
5 Modal shape
Sa( FL) e
0.05
Sa( FT) e
0.05
1.27 0.05
6 Modal combination
Sa( FL) e
0.05
Sa( FT) e
0.05
1.27 0.05
7 Earthquake component combination
Abs. Sum
at 3.0σ
1.17 0.14
Capacity Variable Variable at median minus 1σ R−1σ βR βU
8 Anchor bolts
VST e
−0.10
NST e
−0.13 1.22 0.09
SRSS Combination βR βU
0.18 0.20
βC 0.27
distributions, as shown in Figure 4.11. Since the size of intervals are reasonable small,
a family of seismic fragility surfaces can be approximated by the numerical distributions.
Figure 4.12 gives the composite (mean) seismic fragility surface of the heat exchanger.
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Figure 4.11 A family of fragility surfaces of SA( FL) and PGA
Figure 4.12 Mean fragility surface of SA( FL) and PGA
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Compared to conventional fragility curve in current seismic fragility analysis, features of
fragility surface are summarized as follows:
§ Aleatory randomness in earthquake response spectra is properly captured
In the UHS, logarithmic spectral accelerations at any two frequencies are assumed
to be fully correlated. In seismic fragility analysis considering VGMPs, since the
correlation between lnSA( FL) and lnPGA is addressed, the aleatory randomness in
earthquake response spectra is properly captured. As shown Figure 4.13, given a PGA
value, SA( FL) can take a great number of values. Therefore, it would better predict
structural response of the heat exchanger induced by seismic hazard at Darlington
NGS site.
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Figure 4.13 Sections of mean fragility surface
§ There exist multiple controlling failure modes
In current seismic fragility analysis, only a single controlling failure mode is con-
sidered in the analysis. In reality, however, multiple failure modes probably become
the controlling failure mode, induced by different earthquake excitations. In seismic
fragility analysis considering VGMPs, a great number of input GRS are defined as
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seismic input, covering a wide range of earthquake excitations. Therefore, it can take
account of multiple potential controlling failure modes in the analysis. For example, as
shown in Figure 4.13, given PGA=0.75g, conditional probability of failure increases
slowly when SA( FL)< 1.16g, while increases dramatically after SA( FL) exceeds 1.16g.
It implies there are more than one controlling failure mode occurring.
4.6.2.3 Summary
In this Section, two GMPs SA( FL) and PGA are used in the development of seismic fragility
surfaces of the heat exchanger. Due to the use of a great number of input GRS, the aleatory
randomness in earthquake response spectra is properly captured In addition, since response
spectrum analysis method is used in seismic demand analysis, the development of seismic
fragility surfaces is time efficient even though a great number of input GRS are used.
4.6.3 Development of Weighting Seismic Fragility Curves
4.6.3.1 Procedure
Figure 4.14 shows the section of seismic fragility surface with Q = 95% at PGA = 0.6g
(thick black curve). It can be seen that, given PGA = 0.6g, SA( FL) can take different
spectral values from 0.05g to 5g to account for its aleatory variability. Given PGA = 0.6g,
for input GRS going through a spectral value of SA( FL), one can determine the conditional
probability of failure from the thick black curve. The blue curve in the horizontal plane
describes mean annual rate density of SA( FL). Given PGA = 0.6g, based on mean annual
rate density, one can obtain the weights of input GRS corresponding to different spectral
acceleration values of SA( FL). To illustrate, take the input GRS in Section 4.6.2.2 as an
example. For this input GRS, SA( FL)=0.8g and PGA=0.6g, the conditional probability
of failure is obtained as 0.601 (see thick black curve). From mean annual rate density given
PGA = 0.6g (blue curve in horizontal plane), the annual rate of occurrence of input GRS
(magenta column under blue curve) is obtained as 0.009. The weight of the input GRS is
determined using equation (4.6.2). For input GRS with other spectral values of SA( FL), the
weights can be determined using an equation similar to (4.6.2). Similarly, changing PGA
values gives the weights of input GRS with different spectral values of SA( FL).
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Figure 4.14 An example of section of fragility surface and mean annual rate density
In this example, weighting seismic fragility curves in terms of PGA are determined. The
procedure to determine weighting curves is briefly summarized as follows:
1. Discretize spectral domain of SA( FL) and PGA into intervals:
(a) Truncate two-dimensional spectral domain at lower and upper bound values.
(b) Uniformly discretize spectral domain in logarithmic scale into intervals.
2. Determine numerical distribution of weighting seismic fragility:
(a) Calculate the weights of input GRS given a PGA value.
(b) Determine seismic fragility given the input GRS.
(c) Combine the weights and seismic fragility to obtain weighting seismic fragility
given the PGA value.
(d) Repeat Steps (a) to (c) to determine weighting seismic fragility given other PGA
values.
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(e) Integrate weighting seismic fragility values to determine numerical distribution of
weighting seismic fragility curves.
As long as the intervals of spectral domain are sufficiently small, the weighting seismic
fragility curves can be well represented by the numerical distributions.
4.6.3.2 Weighting Seismic Fragility Curves
Discretization of Spectral Domain
In nuclear engineering practice, the GMP selected is usually truncated at lower and upper
bound values. As in EPRI-1022995 (EPRI, 2011), for severe core damage frequency (SCDF)
ranging from pF, L = 1×10−5 to pF, H = 5×10−5 ( F stands for frequency, and L and H stand
for “Low” and “High”), mean seismic hazard range of GMP is determined by
p
h, L
= 0.1× pF, L = 0.1×1×10−5 = 1×10−6,
p
h, H
= 20× pF, H = 20×5×10−5 = 1×10−3,
(4.6.12)
where h stands for “hazard”.
Having obtained p
h, L
and p
h, H
, lower and upper bound values of GMP can be obtained
from interpolating mean seismic hazard curve with respect to p
h, L
and p
h, H
. Take mean
seismic hazard curve for SA( FL) (Figure 4.15) as an example. Taking ph, L and ph, H
in equations (4.6.12), one can easily find recommended lower and upper bound values
sL = 0.11g and sU = 3.16g. In addition, one can also find sL = 0.06g and sU = 1.60g
for PGA. In this example, SA( FL) is uniformly discretized in logarithmic scale into 100
intervals between
[
0.10g, 5g
]
, and PGA is uniformly discretized in logarithmic scale into
100 intervals between
[
0.05g, 2.5g
]
. Having discretized the spectral domain, the GRS with
different combination of spectral values of VGMPs are defined as seismic input.
Weights of Input GRS
Given a PGA value, weights of input GRS with different spectral values of SA( FL) can be
calculated based on mean annual rate density of SA( FL)
∣∣PGA. Based on Figure 4.8, taking
PGA = 0.6g for example, the annual rate of occurrence of SA( FL) in interval
[
0.10g, 5g
]
is
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given by
λ
(
sL6 s26 sU
∣∣ s1) ≈ 100∑
I2 = 1
[
F ′
SA( FL)
∣∣PGA
(
s
(I2)
2
∣∣ s1=0.6g)1s(I2)2 ] = 0.215. (4.6.13)
Therefore, given s1=0.6g, the weight of input GRS with spectral value SA( FL)= s
(I2)
2 can
be determined by
w
(
s
(I2)
2
6 s2< s
(I2+1)
2
∣∣ s1) = λ
(
s
(I2)
2
6 s26 s
(I2+1)
2
∣∣ s1)
λ
(
sL6 s26 sU
∣∣ s1) ≈
F ′
SA( FL)
∣∣PGA
(
s
(I2)
2
∣∣ s1=0.6g)1s(I2)2
0.215
.
(4.6.14)
For example, given SA( FL)=0.8g and PGA=0.6g, the weight of the input GRS going
through these two spectral values is given by w
(
0.8g6 s260.825g
∣∣ s1=0.6g)=0.042. Re-
peating for all PGA values gives the numerical distribution of weights of input GRS, as
shown in Figure 4.16.
Weighting Seismic Fragility
As in Section 4.6.2.2, given input GRS with spectral values SA( FL)= s
(I2)
2 and s1=0.6g,
seismic fragility at confidence level Q=q, is given by
p
F, q
(
s
(I2)
2 , s1=0.6g
) = 8{ ln[1/Rm(s(I2)2 , s1)] + βU(s(I2)2 , s1)8−1(q)
βR(s
(I2)
2 , s1)
}
, (4.6.15)
where Rm
(
s
(I2)
2 , s1
)
is median ratio factor for the input GRS. βR(s
(I2)
2 , s1) and βU(s
(I2)
2 , s1)
are total logarithmic standard deviations of aleatory randomness and epistemic uncertainty,
respectively, for the input GRS.
Therefore, the weighting seismic fragility in terms of PGA, at s1=0.6g, is determined
by
p¯
F, q
(s1=0.6g) =
100∑
I2 = 1
[
p
F, q
(
s
(I2)
2 , s1=0.6g
) ·w(s(I2)2 6 s2< s(I2+1)2 ∣∣ s1)]. (4.6.16)
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For example, given Q = 95%, the weighting seismic fragility at s1 = 0.6g is given by
p¯
F, q
(s1=0.6g) =
100∑
I2 = 1
[
p
F, q
(
s
(I2)
2 , s1=0.6g
) ·w(s(I2)2 6 s26 s(I2+1)2 ∣∣ s1=0.6g)] = 0.302,
(4.6.17)
where p
F, q
(
s
(I2)
2 , s1=0.6g
)
can be determined from the section of fragility surface as shown
in Figure 4.14 (the thick black curve with Q = 95%).
Changing PGA value from lower bound 0.05g to upper bound 2.5g, and repeating above
procedure gives a set of numerical distributions of weighting seismic fragility, as shown in
Figure 4.17. When mean fragility surface is used, a mean weighting fragility curve can be
obtained and is shown in Figure 4.17.
Furthermore, HCLPF seismic capacity can be determined based on its definition and
is shown in Figure 4.18. It is noted that conditional probability of failure is plotted in
logarithmic scale. One can see that C¯ C1% is very close to HCLPF seismic capacity ( C¯ HCLPF ).
It implies that, in the proposed method, C¯ C1% also can be used to approximate C¯ HCLPF in
applications.
4.6.3.3 Comparison of Seismic Fragility Curves and HCLPF Seismic
Capacities
In this Section, seismic fragility curves of the heat exchanger are determined based on two
methods, i.e., current and weighting seismic fragility analysis methods. Both sets of fragility
curves are shown in Figure 4.19. Conventional seismic fragility curves of the heat exchanger
are obtained in Chapter 3.
Figure 4.19 shows that the weighting median seismic capacity of the heat exchanger
has 53.9% increase (from 0.636g PGA to 0.979g PGA). The HCLPF seismic capacities
based on two methods are calculated from 95% confidence seismic fragility curves, and
are shown in Figure 4.20. It can be seen that the weighting HCLPF seismic capacity
has 26.1% increase (from 0.349g PGA to 0.440g PGA). Both results indicate that current
seismic fragility analysis includes considerable conservatism in estimating median and
HCLPF seismic capacity. The conservatism primarily stems from the absence of correlation
between logarithmic spectral acceleration at longitudinal direction SA( FL) and PGA. For
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Figure 4.17 Weighting seismic fragility curves of heat exchanger
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Figure 4.19 Seismic fragility curves of heat exchanger based on two methods
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safety-related SSCs, incorporating correlations among logarithmic spectral accelerations
can more accurately estimate their HCLPF seismic capacities.
4.6.4 Mean Annual Frequency of Occurrence of Failure of Heat
Exchanger
In nuclear power plants, the failure of heat exchanger probably triggers an adverse conse-
quence such as core damage accident. Mean annual frequency of occurrence of the failure
of heat exchanger is calculated by equation (4.1.5), i.e.,
γ = −
∫ ∞
0
p¯
F, C
(s1)
dH(s1)
ds1
ds1. (4.6.18)
Numerical method is usually applied to quantify the integral in equation (4.6.18) as
γ = −
N1∑
I= 1
p¯
F, C
(s(I))1H(s(I)), (4.6.19)
where N1 is the number of intervals of SA( F1).
Recall that in Chapter 1, mean annual frequency of occurrence of the failure of heat
exchanger is given by
γ = −
∫ ∞
0
p
F, C
(s1)
dH(s1)
ds1
ds1 = −
N1∑
I= 1
p
F, C
(s(I))1H(s(I)). (4.6.20)
In this example, mean annual frequency of occurrence of the failure of heat exchanger
is calculated separately by equations (4.6.19) and (4.6.20). Site-specific UHS is defined as
RLE in the development of conventional (as opposed to weighting) mean seismic fragility
curve:
§ Conventional mean fragility curve is used
Mean annual frequency of occurrence of the failure of heat exchanger is given by
γ = −
N1∑
I= 1
p
F, C
(s(I))1H(s(I)) = 1.534×10−5, (4.6.21)
where N1=100 is the number of intervals of PGA between lower bound 0.05g and
upper bound 2.5g. H(s(I)) is mean seismic hazard with respect to spectral value s(I)
of PGA.
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§ Weighting mean fragility curve is used
Weighting mean annual frequency of occurrence of the failure of heat exchanger is
given by
γ¯ = −
N1∑
I= 1
p¯
F, C
(s(I))1H(s(I)) = 6.074×10−6, (4.6.22)
where N1=100 is the number of intervals of PGA.
It can be seen that the weighting mean annual frequency has 60.4% decrease compared
to that based on conventional mean fragility curve.
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4.7 Summary
In this Chapter, weighting seismic fragility analysis method is firstly proposed for developing
weighting seismic fragility curves and HCLPF seismic capacities of safety-related structures,
systems, and components (SSCs):
1. vector-valued Probabilistic Seismic Hazard Analysis (VPSHA) is performed for cap-
turing aleatory randomness in earthquake response spectra and considering ground
motion intensity effect;
2. seismic fragility analysis considering vector-valued GMPs (VGMPs) method is pro-
posed for calculating seismic fragility in terms of VGMPs;
3. weighting process is conducted for determining weighting seismic fragility and HCLPF
seismic capacity in terms of a single GMP such as PGA, based on Steps 1 and 2.
By usingVGMPS,more accurate seismic capacities of safety-related SSCs are obtained. They
are also readily incorporated into Seismic Probabilistic Risk Analysis and Seismic Margin
Assessment.
To better illustrate the procedure and demonstrate the advantages of weighting seismic
fragility analysis method, numerical example for a horizontal heat exchanger is performed:
§ weighting HCLPF seismic capacity has 26.1% increase, comparing to conventional
HCLPF seismic capacity;
§ weighting mean annual frequency of occurrence of the failure of heat exchanger has a
60.4% decrease, comparing to conventional mean annual frequency of occurrence.
The results show that the weighting seismic fragility analysis method can more accurately
estimate seismic capacity and mean annual frequency of the failure of heat exchanger.
Weighting seismic fragility analysis method should be performed for safety-related SSCs
so that more accurate seismic capacity estimates are achieved.
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Weighting Seismic Fragility Analysis
for Components on Structures
For components mounted on primary structures, floor response spectra (FRS) are defined
as seismic input for calculating structural responses of components. Time history analyses
are widely used to calculate structural responses. To achieve accurate structural responses,
a number of sets of acceleration time histories spectrum-compatible with ground response
spectra are needed for generating FRS.As a result, time history analyses are computationally
expensive.
In this Chapter, weighting seismic fragility analysis for components on structures is
presented. A direct spectra-to-spectra method instead of time history analyses is applied
to generate FRS for components, aiming to improve the efficiency in developing seismic
fragility surfaces. To illustrate the procedure of the proposed method, weighting seismic
fragility curves and High Confidence and Low Probability of Failure (HCLPF) seismic
capacities of a block wall on a service building are determined. The results show that
weighting median and HCLPF seismic capacities of the block wall have significant increase.
5.1 Introduction
ASCE 4-98 (ASCE, 1998) requires that FRS be generated by either time history analyses or a
direct spectra-to-spectra method, as illustrated in Figure 5.1.
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Figure 5.1 Two methods for generating FRS
Time history analyses have been widely used to generate FRS.The procedure of generating
FRS includes three steps:
1. Generation of time histories spectrum-compatible with ground response spectra
• Define the input ground response spectra (GRS) at the site of interest.
• Generate tri-directional time histories spectrum-compatible with the input GRS.
2. Structural dynamic analyses
• Employ finite element software to establish finite element model of the structure.
• Define tri-directional spectrum-compatible time histories as seismic input.
• Perform structural dynamic analyses to calculate structural responses.
3. Generation of FRS
• Define structural responses as seismic input where components are mounted.
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• Calculate spectral responses for a single degree-of-freedom (SDOF) oscillator
mounted on certain floor of the structure.
• Change natural frequency of the SDOF oscillator from 0.1 Hz to 100 Hz and repeat
dynamic analyses for the oscillator to obtain a raw FRS.
• Smooth and broaden the raw FRS to obtain FRS.
Engineers have recognized that the generation of spectrum-compatible time histories
is time-consuming. In addition, FRS generated by a single set of spectrum-compatible
time histories has large variability, thus a number of sets of time histories are required in
structural dynamic analyses. This makes the generation of FRS computationally expensive.
Spectra-to-spectra method does not need to generate spectrum-compatible time histo-
ries and to repeatedly perform structural dynamic analyses (see Figure 5.1); hence it can
efficiently generate FRS. However, the accuracy of FRS is a main concern in past decades. In
addition, spectra-to-spectra method only works when structures undergo elastic deforma-
tion. As a result, spectra-to-spectra method is not widely used in engineering practice.
5.2 Methodology
Generation of Floor Response Spectra
Recently, Jiang et al. (2015) proposed a new direct spectra-to-spectra method for generating
FRS. It is concluded that, compared to time history analyses, this direct spectra-to-spectra
method would generate FRS with high efficiency and sufficient accuracy. The mathematical
expressions of generating FRS are presented below:
§ If components are mounted on SDOF structures
• For non-tuning case
The FRS of a SDOF oscillator of frequency F0 and damping ratio ζ0 mounted on a
SDOF structure of frequency F and damping ratio ζ is given by
SF( F0, ζ0) =
√
AF20 ·S2A( F0, ζ0)+AF2 ·S2A( F, ζ ), (5.2.1)
in which SA( F0, ζ0) and SA( F, ζ ) are obtained from the input GRS. AF and AF0
are amplification factors due to ground and structural motions, respectively.
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• For perfect-tuning case
The FRS of a SDOF oscillator of frequency F0 and damping ratio ζ0 mounted on a
SDOF structure of frequency F0 and damping ratio ζ0 is given by
SF( F0, ζ0) = S tA( F0, ζ0), (5.2.2)
where S tA( F0, ζ0) is the t-response spectrum (Li et al., 2015).
§ If components are mounted on multi-degree-of-freedom (MDOF) structures
• For non-tuning case
The FRS of the nth node in direction j under tri-directional earthquake excitations
is obtained from
S
n, j
( F0, ζ0) =
√√√√ 3∑
I=1
[S
I
n, j
( F0, ζ0)]
2
, (5.2.3)
where S I
n, j
( F0, ζ0) is the FRS of the nth node in direction j subjected to earthquake
excitation in direction I given by
S
I
n, j
( F0, ζ0) =
√√√√ 6N∑
K=0
6N∑
K=0
ρKK R
I
n, j; K
R I
n, j;K
, (5.2.4)
where ρKK is the correlation coefficient between the contributions to the response
under an earthquake excitation in direction I by the Kth and Kth modes, and R I
n, j; K
is the maximum absolute acceleration contributed by the Kth mode given by
R I
n, j; K
= φ
n, j; K
Ŵ IK
√
AF2
0,K
· [S IA( F0, ζ0)
]
2 +AF2K ·
[
S
I
A( FK, ζK)
]
2 , (5.2.5)
where φ
n, j; K
and ŴIK are modal information obtained from modal analysis.
• For perfect-tuning case
The maximum absolute acceleration contributed by the Kth mode is given by
R I
n, j; K
= φ
n, j; K
Ŵ IK SA
t, I( F0, ζ0). (5.2.6)
Having obtained R I
n, j; K
, FRS can be determined by equations (5.2.3) and (5.2.4).
It can be seen that, given structural modal information and input GRS, FRS can be
directly obtained by analytical expressions. Safety-related structures in nuclear power
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plants are designed to behave elastically under earthquake excitations; hence direct spectra-
to-spectra method is applicable in nuclear engineering practice.
Determination of Weighting Seismic Fragility
In seismic fragility analysis, the variability in seismic capacity due to response uncertainties
needs to be evaluated. By applying spectra-to-spectra method, one only needs to take differ-
ent values of pertinent response variables to generate FRS for capturing these variabilities.
It would significantly improve the efficiency for generating FRS while ensure the accuracy.
Defining FRS where components are mounted as seismic input, weighing seismic fragility
analysis in Chapter 4 is performed to determine weighting seismic fragility curves and
HCLPF seismic capacities of the components.
In the following, numerical example for a block wall on the second floor of a service
building is performed to illustrate the procedure and benefits of the proposed method.
5.3 BlockWall and Primary Structure
Assume the service building is located in Darlington nuclear generating station. Seismic
fragility curves and HCLPF seismic capacities of the block wall are developed based on
current and weighting seismic fragility analysis methods.
5.3.1 BlockWall Configuration
In NPPs, lightly reinforced non-load-bearing masonry block walls are often used as par-
tition or fire-barrier walls. The seismic capacity of such walls is generally governed by
out-of-plane bending.
Construction Details
Details of the block wall are shown in Figure 5.2 and the properties are listed in Table 5.1
(EPRI, 1991a). It is a lightly reinforced non-load-bearing masonry block wall constructed
using 8-inch masonry concrete units. The wall is assumed to be simply supported between
the floor and the ceiling level, so that it can be analyzed as an element simply supported at
top and bottom. This is a common assumption in design, because supporting elements do
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Figure 5.2 Geometry information of block wall
not usually possess sufficient stiffness to transfer the wall moments to the supports. The wall
is fully-grouted and has a height L of 11 feet and a nominal depth of 8 inch (wall thickness t
is actually equal to 7.625 inch), with #4 bars at 16 inch spacing located at mid-depth of the
wall. The wall weight W is estimated to be 83.5 pounds per square foot (psf or lb/ft
2
) of the
wall surface.
Table 5.1 Deterministic Properties of Block Wall
Property Value
Block wall
Wall height L 11 ft
Wall thickness t 7.625 in
Slenderness ratio 17.3
Extent of grouting fully-grouted
Wall weight W 83.5 psf of wall surface
Reinforce steel #4 bars at 16 in spacing
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Dynamic Behaviour
Since the primary loads imposed on the block wall are due to seismic ground motions, the
seismic capacity of such block walls is usually governed by the out-of-plane bending failure
mode. The maximum deformation or drift limit and structural integrity of the wall should
be ensured so that the operability of safety-related systems is not compromised.
Previous test results showed that these walls exhibit substantial nonlinear drift capability
under cyclic loading and that the effective frequency of the wall will be lowered due to the
drift (Hamid et al., 1989). However, severe pinching phenomenon of the hysteretic loop of
this type of centrally-reinforced walls was observed under cyclic loading (see Figure 5.3);
as a result, negligible inelastic energy absorption capability can be assumed, i.e., Fµ=1.0.
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Figure 5.3 Hysteretic loop of centrally-reinforced masonry wall
Strength Variables
The basic variables for structural capacity analysis of the block wall are given in Table 5.2.
The nominal compressive strength of the masonry and the nominal yield strength of the
reinforce steel are given in Appendix R of EPRI-NP-6041-SL (1991a). It is noted that these
two values are not defined at the 95% confidence level, but taken as the minimum strength.
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Table 5.2 Material Capacity Properties
Property Nominal Median βU
Masonry concrete
Compressive strength 1950 psi 2678 psi 0.05
Tensile strength 163 psi
Reinforce steel
Yield strength 40 ksi 55.65 ksi 0.08
5.3.2 Primary Structure Configuration
A service building as shown in Figure 5.4 is taken as the primary structure. Commercial
finite element analysis software STARDYNE is used to establish the three-dimensional finite
element model of the building. The superstructure of the building consists of steel frames
and concrete floor slabs, and the basement is constructed using concrete. The elevation of
each floor and the dimensions of the building are shown in Figure 5.4. Some information
of the finite element model is listed in Table 5.3. A modal analysis is performed to obtain
modal frequencies, modal participation factors, and modal shapes of the model.
Assume the block wall is located at the second floor of the building, as shown in Figure
5.4. Table 5.4 enumerates modal information of the significant modes where the block
wall is located (Node 1). The participation factors and modal shapes in Table 5.4 are for
direction 2 shown in Figure 5.4.
5.4 Current Seismic Fragility Analysis
In this section, current seismic fragility analysis is applied to determine conventional seismic
fragility curves and HCLPF seismic capacity of the block wall.
5.4.1 Review Level Earthquake
Assume the service building is located at Darlington nuclear generating station (NGS).
Figure 5.5 gives UHS with mean annual frequency of exceedance of 1×10−4 for this site.
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Figure 5.4 Finite element model of service building
Spectral acceleration at F = 50 Hz is taken as PGA. Since Darlington NGS is located in
eastern North America, the plant screening level can be taken as 0.3g PGA. Scale the UHS
to meet the screening level and then define the scaled UHS as Review Level Earthquake
(RLE). Take this RLE as input GRS in two horizontal directions. The input GRS in vertical
direction can be determined using V/H ratios (AMEC, 2009). The service building is
subjected to tri-directional excitations simultaneously.
5.4.2 Seismic Demand Analysis
Elastic Frequency
Prior to reaching the code-specified nominal moment strength, the wall will behave ap-
proximately as an elastic structure under applied seismic loading. For simplicity, the wall is
treated as a simply supported uniform beam with span L. Free vibration analysis gives the
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Table 5.3 Information of Finite Element Model
Node Lumped Mass
Beam Shell
Element Section Element Section
Number 1351 120 1740 31 830 8
Table 5.4 Mode Information at Node 1
Mode Frequency Participation Modal Shape Contribution
(Hz) factor factor
2 2.676 -7.143 -0.05082 0.38
20 5.838 -2.945 -0.02603 0.08
21 5.918 2.943 0.06409 0.19
31 7.212 -8.883 -0.01942 0.17
103 22.95 -100.8 -0.00088 -0.09
106 23.96 -337.3 0.00024 -0.08
fundamental frequency of the beam by
F = 1
2π
· π
2
L2
√
Em Ie
m¯
= π
2L2
√
Em Ie g
W
. (5.4.1)
According to Clause 1.8.2.2.1 of TMS 402-11/ACI 530-11/ASCE 5-11 (2011), the elastic
modulus Em of concrete masonry unit is determined by
Em = 900 Fm′ = 900×1950 = 1.755×106 psi. (5.4.2)
Denote the applied out-of-plane moment as Ma and the cracking moment as Mcr. For
walls with Ma >Mcr, the moment of inertia should be represented by the effective moment
of inertia Ie. Equation (1-1) in Clause 1.13.1.4.2 of TMS 402-11/ACI 530-11/ASCE 5-11
(2011) determines Ie as
Ie = In
(Mcr
Ma
)3
+ Icr
[
1 −
(Mcr
Ma
)3]
6 In, (5.4.3)
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Figure 5.5 RLE at Darlington NGS site
where In is the net moment of inertia of the cross section, and Icr is the moment of inertia
of cracked cross section (Icr is conservatively assumed to apply over the entire height of the
wall).
Equation (9-9) in Clause 9.5.2.3 of ACI 318-08 (2008) determines the cracking moment
as
Mcr =
F
t
Ig
y
t
, (5.4.4)
where F
t
is the maximum tensile strength of the concrete, and y
t
is the distance from the
neutral axis to the extreme face of the prismatic member.
For this case, the neutral axis is in the middle of the transverse section and y
t
= t/2, as
shown in the Figure 5.6. Since the reinforcements are located in the middle of the transverse
section of the block wall or on the neutral axis, the reinforcements do not withstand tensile
stress when the concrete is uncracked.
The gross moment of inertia Ig about the neutral axis of unit wall section is given by
Ig =
Bt3
12
= 1.0×7.625
3
12
= 36.94 in
4
in
. (5.4.5)
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Figure 5.6 Bending of centrally-reinforced unit width uncracked block wall
Hence the cracking moment Mcr is
Mcr =
F
t
Ig
t/2
= 0.163×36.94
3.812
= 1.58 kip · in
in
. (5.4.6)
For fully-grouted 8-in masonry unit with grout spacing of 16 in, Table 3a of TEK 14-01B
(2007) gives the value of the net moment of inertia of the cross section
In = 378.6
in4
ft
= 31.55 in
4
in
. (5.4.7)
Clause 3.3.5.5 of TMS 402-11/ACI 530-11/ASCE 5-11 (2011) gives simplified formulas
for determining Icr for non-load-bearing fully-grouted wall sections.
Since the #4 rebars with 0.5-in diameter are placed at 16-in spacing, the steel area per
unit width is
As =
1
16
·π
(
1
2
Ds
)2
= 1
16
×3.14×
(
1
2
×0.5
)2
= 0.0123 in
2
in
. (5.4.8)
The modulus ratio n of steel and masonry is
n = Es
Em
= 29.0×10
6
1.755×106 = 16.52, (5.4.9)
in which Es=29.0×106 psi is the elastic modulus of steel, Em=1.755×106 psi is the elastic
modulus of concrete masonry given by equation (5.4.2). Since the block wall is non-load-
bearing, i.e., Pu=0, the depth c of compressive fiber in section is given by equation (3-32)
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of TMS 402-11/ACI 530-11/ASCE 5-11 (2011)
c =
As Fy
0.64 Fm
′ B
= 0.0123×40
0.64×1.95×1 = 0.39 in, (5.4.10)
where Fy=40 ksi is the nominal yield strength of the reinforce steel, Fm′ =1.95 ksi is the
nominal compressive strength of the grouted masonry concrete. Icr is the moment of inertia
of cracked cross section given by equation (3-31) of TMS 402-11/ACI 530-11/ASCE 5-11
(2011)
Icr = n As(D−c)2 +
Bc3
3
= 16.52×0.0123×(3.812−0.39)2 + 1×0.39
3
3
= 2.40 in
4
in
, (5.4.11)
in which D= t/2=7.625/2=3.812 in is the depth from the compressive surface to the
centerline of steel.
Commentary 3.3.5.4 of TMS 402-11/ACI 530-11/ASCE 5-11 (2011) gives the depth a
and the moment strength Mu of an equivalent compression stress block as
a =
As Fy + 1φ Pu
0.80 Fm
′ B
, Mu =
(
1
φ
Pu + As Fy
)(
D− 12 a
)
. (5.4.12)
Since Pu=0, the strength reduction factor φ=0.9 is not used in determining the moment
strength. These equations reduce to
a =
As Fy
0.80 Fm
′ B
, (5.4.13)
Mu = As Fy
(
D− 12 a
)
. (5.4.14)
Hence,
a = 0.0123×40
0.80×1.95×1 = 0.315 in, (5.4.15)
Ma = Mu = 0.0123×40×
(
3.812− 0.315
2
)
= 1.798 kip-in
in
. (5.4.16)
The effective moment of inertia Ie is determined using equation (5.4.3)
Ie = In
(Mcr
Ma
)3
+ Icr
[
1 −
(Mcr
Ma
)3]
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= 31.55
( 1.58
1.798
)3
+ 2.40
[
1 −
( 1.58
1.798
)3]
= 22.15 631.55 in
4
in
. (5.4.17)
The elastic frequency F is then given by equation (5.4.1)
F = π
2L2
√
Em Ie g
W
= 3.14
2×112×12
√
1.755×106×22.15×386.4
83.5
= 14.51 Hz. (5.4.18)
Floor Response Spectra
The direct seismic input to this block wall is in terms of the FRS in one of the horizontal
directions. For the block wall, the median damping is 6% and the one-minus-standard-
deviation (−1σ ) damping is 4%. For the service building, the median damping is 5% and
−1σ damping is 3%. In order to capture damping variabilities of the block wall and service
building, the direct spectra-to-spectra method is used to generate three FRS, as shown in
Figure 5.7.
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Figure 5.7 FRS regarding three sets of damping ratios
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Seismic Demand
As in Table 5.4, the fundamental frequency of primary structure is 2.676 Hz. Since it is less
than 5 Hz, ground motion incoherence does not need to be considered (EPRI-TR-103959,
EPRI, 1994). Therefore, the median elastic demand SD of the block wall can be obtained
from the FRS SF given in Figure 5.7.
As the wall drifts inelastically under earthquake, seismic demand of the wall changes due
to two phenomena: (1) the frequency of the wall is lowered due to the inelastic drift, and
its value depends on the level of inelastic drift; (2) the damping is increased in accordance
with the inelastic drifts. Seismic demand to the wall with lowered frequency and increased
damping needs to be checked within the entire permissible inelastic range. Since both
seismic capacity and demand are functions of the permissible drift, somewhere between
the elastic bound and the inelastic bound, the capacity/demand ratio will produce the
maximum strength factor (or margin) that is to be applied to the selected ground motion
parameter.
One approach to determining such nonlinear demand is the equivalent linear elastic pro-
cedure given in Section 3 of EPRI-TR-103959 (1994). This procedure aims at approximating
the average reduced stiffness (or frequency) and average increased damping, which occur
during the nonlinear response cycles, by using the secant stiffness as the minimum effective
stiffness. By applying this procedure, the nonlinear demand can be directly obtained from
using the elastic design spectra.
Equation (R-20) in Appendix R of EPRI-NP-6041-SL (1991a) determines the secant
frequency as
Fsec =
1
2π
√
1.5 SC
1u
. (5.4.19)
where SC is structural capacity of the block given the ultimate nonlinear displacement 1u
at the mid-span of the wall.
Because of the distinct hysteretic behavior of centrally reinforced masonry wall under
cyclic loading (see Figure 5.3), the formulation in the equivalent linear elastic procedure for
shear-wall-type structures is not readily applicable. Time history analyses of similar block
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wall models using very severely pinched hysteretic loops, similar to those in Figure 5.3,
shows that the seismic demand to such walls could be accurately approximated by treating
them as pseudo-elastic with effective frequency F
eff
and effective damping β
eff
(equation
(R-21) of EPRI-NP-6041-SL, 1991a)
F
eff
= Fsec, βeff = 6%. (5.4.20)
Due to the severely pinched hysteretic loop, the effective frequency F
eff
drops down to the
secant frequency Fsec and the effective damping is small (about 6%). Thus, the effective
nonlinear demand is given by
SD = SF( Fsec, 6%), (5.4.21)
which can be obtained from the FRS given in Figure 5.7.
5.4.3 Structural Capacity Analysis
For a lightly-reinforced non-load-bearing block wall, there is no factored axial load acting
on the wall (Pu=0), and no factored load from tributary floor or roof areas (Pu F =0). In
the wall analysis, a unit section width B=1 in is used.
"Best-Estimate" Moment Strength
The theoretical ultimate moment strength according to the established principles is cal-
culated first. To achieve the “best-estimate” moment strength, a factor accounting for the
conservatism of the calculated strength against the actual strength measured in test usually
needs to be applied.
For median strength Fy=55.65 ksi, the ultimate moment strength Mu′ of the centrally
reinforced block wall is determined using equations (5.4.13) and (5.4.14) as
a =
As Fy
0.80 Fm
′ B
= 0.0123×55.65
0.80×2.68×1.0 = 0.320 in, (5.4.22)
Mu
′ = As Fy
(
D− 12 a
)
= 0.0123×55.65×
(
3.812−12×0.320
)
= 2.500 kip · in
in
. (5.4.23)
In fragility analysis, all factors affecting the median strength must be identified and
evaluated, including possible errors in materials, design, and construction. The factors
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relevant to materials mainly involve the possible strength variabilities, which are given in
Table 5.2. The factor on design considers the potential equation error in predicting the
moment strength. The factor regarding construction for the block-wall accounts for mainly
the error in rebar placement over the wall section.
Error in Equation
In order to uncover the conservatism in the calculated strength, test results of measured
strength for similar masonry wall members are needed. However, the availability of such
test results is quite limited in public domain.
One source that may be used is the report by Hamid et al. (1989), in which full-scale
reinforced concrete block masonry walls were tested under out-of-plane monotonic and
cyclic loads. Based on testing of some prisms that were built along with the walls and tensile
testing of reinforcement, the compressive strength Fm
′ , modulus of rupture F
t
, elastic
modulus Em, and steel yield strength Fy were recorded. The calculated moment strengths of
the walls were determined using the mean material properties and the strength calculation
procedure given in the Appendix of the report. The ratio of measured peak strength to
calculated strength of 12 similar masonry walls is listed in Table 5.5, with a median of 1.145
and a logarithmic standard deviation of 0.105.
Table 5.5 Ratio of Measured Peak Test to Calculated Strength of Twelfth Masonry Walls
Test 1 2 3 4 5 6 7 8 9 10 11 12
Mu (Test)
Mu (Calculated)
1.14 1.19 1.19 1.02 1.16 1.01 1.16 0.83 1.06 1.19 1.15 1.09
However, under cyclic loadings at large displacements, the average “elasto-perfectly-
plastic” moment capacity tends to be somewhat less than the peak test capacity (Figure 5.8).
In addition, the maximum moment capacity reached in subsequent loading cycles might
be somewhat less than the previously recorded peak value. Thus, using the peak capacity
as the ultimate moment capacity is overly optimistic. As a slightly conservative estimation,
the average test capacity will be taken as 90% of the peak test capacity, which results in a
median equation factor of Feqn
′ =1.145×0.90=1.031.
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Figure 5.8 Typical force-displacement relationship
Noting that the above factor represents the conservatism in the calculated moment
strength in the report by Hamid et al.(1989), obtained using mean (approximately me-
dian) material strengths. A conversion must be made to obtain the factor that can be
applied to TMS 402-11/ACI 530-11/ASCE 5-11 (2011).
Based on the sample calculation procedure given in Appendix A of the report by Hamid et
al.(1989), the ultimate moment strength of this example masonry wall can be recalculated
as Mu
′′
a =
As Fy
0.85 Fm
′ B
= 0.0123×55.65
0.85×2.68×1 = 0.300 in, (5.4.24)
Mu
′′ = As Fy
(
D−12 a
)
= 0.0123×55.65
(
3.812− 12×0.300
)
= 2.507 kip · in
in
, (5.4.25)
where the only difference is that the equivalent block stress depth a in masonry block given
by equation (5.4.24) is assumed to be 0.85 of the total compressive depth c as opposed to
0.80 used in equation (5.4.12).
By multiplying the median equation factor Feqn
′ =1.031 to the ultimate moment strength
Mu
′′ , the “best-estimate” moment strength is obtained as
Mu = Feqn′ ·Mu′′ = 1.031×2.507 = 2.584
kip · in
in
. (5.4.26)
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The equation factor that should be applied to TMS 402-11/ACI 530-11/ASCE 5-11 (2011) is
then
Feqn =
Mu
Mu
′ =
2.584
2.500
= 1.034.
Hence, the equation factor for the example wall fragility analysis is
Median: Feqn = 1.034,
Logarithmic standard deviation: βeqn = 0.105.
(5.4.27)
Error in Rebar Placement
Error in rebar placement in construction can be large and must be considered. From careful
inspection, it is estimated that the standard deviation on depth D for a single bar is about 0.5
in. Assuming that the moment capacity over a section is governed by 4 bars, the standard
deviation of D for 4 bars is 0.5/
√
4=0.25 in. For a nominal 8-in thick wall, the moment
strength due to reduction of one standard deviation of D is
Mu
′ = As Fy
(
D−0.25− 12 a
)
(5.4.28)
= 0.0123×55.65
(
3.812−0.25− 12×0.320
)
= 2.329 kip · in
in
, (5.4.29)
which is 93.2%of Mu without considering this error, and the logarithmic standard deviation
is
β
rb
= ln Mu
Mu
′ = ln
2.500
2.329
= 0.071.
However, any strength reduction due to rebar placement can be assumed to be already
lumped into the equation factor Feqn and is not explicitly considered. Only the variability
in the rebar placement factor needs to be provided. This results in a factor accounting for
error in rebar given by
Median: F
rb
= 1.0,
Logarithmic standard deviation: β
rb
= 0.071.
(5.4.30)
For material strengths Fy of steel and Fm
′ of concrete, since median values have been used,
no further reduction in median moment strength is possible. With predefined randomness
for material strength, no further analysis is necessary for the purpose of fragility analysis.
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"Best-Estimate" of Drift Capability
Under seismic loading, if seismic demand on the wall exceeds the structural moment
capacity, the wall will begin to drift inelastically. Such behavior is acceptable as long as the
drift stays within a permissible limit. The permissible drift limit can be defined in terms of
the ratio of mid-height displacement 1 and the wall height L. The effect of this wall drift is
to impose a secondary moment on the wall and hence lower its seismic capacity. In seismic
capacity analysis of walls, the drift capability must be incorporated using applicable test
results.
Only a limited amount of test data exists for defining permissible drift limits under cyclic
loading. Table 5.6 summarizes the cyclic test results on out-of-plane drift capability of seven
walls report by Hamid (1989, Table 4.3), in which ρ=As/D is the steel ratio, c=a/0.85 is
the depth from the compressive flanges to the neutral axis, and 1u is the ultimate drift
corresponding to the onset of significant strength degradation. All of these walls were
simply supported at top and bottom with a span height L of 117.5 in.
Table 5.6 Displacement Capability Data of Masonry Walls
Wall D (in) ρ (%)
c
D
L
D
1u (in)
1u
L
1u
L
· c
D
Measured
Predicted†
W2 2.81 0.455 0.201 41.8 5.65 0.0481 0.0097 1.07
W3 2.81 0.455 0.215 41.8 4.80 0.0409 0.0088 0.98
W5 2.81 0.291 0.136 41.8 7.94 0.0676 0.0092 1.02
W7 2.81 0.892 0.375 41.8 3.16 0.0269 0.0101 1.12
W11 2.81 0.455 0.231 41.8 6.18 0.0526 0.0122 1.35
W13 2.26 0.362 0.227 52.0 8.35 0.0711 0.0161 1.79
W14 3.82 0.483 0.217 30.8 4.80 0.0409 0.0089 0.99
† The predicted value is obtained from equation (5.4.32).
The drift ratio of ultimate displacement to wall height 1u/L ranges from a low value of
2.7% for wall W7 (with the largest c/D ratio of 0.375) up to 6.8% for wall W5 (with the
smallest c/D ratio of 0.136).
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Previous studies on concrete beams and slabs showed that the drift ratio 1u/L should be
inversely proportional to c/D at least for large L/D ratios. This conclusion also appears to
hold for the masonry walls summarized in Table 5.6, for which
1u
L
· c
D
> 0.009. (5.4.31)
However, equation (5.4.31) should not be extrapolated to c/D ratios substantially lower
than the smallest test data ratio of 0.136. The L/D ratios range from 30.8 to 52.0 and show
some increase in 1u/L with L/D. Likewise, equation (5.4.31) should not be extrapolated to
L/D ratios less than about 30, without an L/D correction.
The “best-estimate” out-of-plane drift capability can be approximated by
1u
L
= 0.009
c/D
FC(L/D)60.07, FC(L/D) =
L/D
30
61.0. (5.4.32)
In Table 5.6, equation (5.4.32) accurately predicts 1u/L for walls W2, W3, W5, W7, and
W14 with the ratio of measured to predicted 1u/L ranging from 0.98 to 1.12 for these five
walls.
However, it is seen that equation (5.4.32) is very conservative for walls W11 and W13.
Wall W13 has the largest L/D ratio, which might indicate some benefit to 1u/L as L/D is
much larger than 30, whereas equation (5.4.32) does not provide for this benefit. Wall W11
was only partially grouted (one third of the cells filled), which may indicate increased drift
capability for partially grouted walls. All other walls were fully-grouted.
For this example block-wall problem,
c = a
0.85
=
As Fy
0.852 Fm
′ =
0.0123×55.65
0.852×2.68 =0.354. (5.4.33)
Since L/D=132/3.812=34.6>30, equation (5.4.32) becomes
1u
L
= 0.009
c/D
FC(L/D) =
0.009
0.354/3.812
×1.0 = 0.097 > 0.07. (5.4.34)
Hence, the drift capability is finally given as
1u
L
= 0.07, or 1u = 0.07L = 0.07×11×12 = 9.24 in. (5.4.35)
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Static Capacity Considering Permissible Drift
Consider the free body diagrams shown in Figure 5.9, where ws is the seismic loading
intensity per unit width acting perpendicular to the wall, HT is the horizontal support
reaction at the top T, HB and RB are support reactions at the bottom B, PW=WL is the
wall weight per unit width, and1 is the displacement at mid-span of the wall under seismic
loading. In calculating the total moment acting on the wall, the resultant moment due to
relative lateral displacement of the wall should be included. Bending moment MC at the
mid-span of the wall can be determined using statics.
1
ws
HT
HB
PB
PC
MC
PW
ws
Top T
Centre C
Bottom B
HC
HTTop T
Figure 5.9 The free-body diagram of block wall
Considering the entire wall, the horizontal force HT at the top is found by summing
moments about B
+x
∑
MB=0: HT ·L − ws L ·
L
2
− PW ·1 = 0 =⇒ HT=
1
2
ws L+
PW1
L
. (5.4.36)
Consider top half of the wall. By summing moments about the wall mid-span C, the
mid-span moment MC can be obtained
+x
∑
MC=0: HT ·
L
2
−ws
L
2
· L
4
−MC = 0 =⇒ MC=
1
8
ws L
2+ 1
2
PW1. (5.4.37)
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Note that ws= (W/g) ·Sa, where Sa is the spectral acceleration corresponding to the vibra-
tion frequency of the wall. Equation (5.4.37) gives the mid-span moment due to seismic
loading considering the lateral displacement
MC =
WL2 Sa
8 g
+ WL
2
1. (5.4.38)
As the displacement 1 increases, the vibration frequency of the wall and the spectral
acceleration Sa acting on the wall will vary. Thus, it is necessary to check the structural
capacity within the entire permissible drift limit. According to the strength design method,
the bending moment MC must not exceed the ultimate moment strength Mu.
Static capacity of the block wall SC can be obtained by equating the maximum bending
moment MC with its “best-estimate” ultimate moment strength Mu
WL2 SC
8g
+ WL
2
1 = Mu =⇒ SC =
(8Mu
WL2
− 4 ·1
L
)
g, (5.4.39)
SC =
(8×2.584×103
83.5×112 − 4 ·
1
L
)
g =
(
2.046 − 4 ·1
L
)
g. (5.4.40)
The structural capacity SC decreases from 2.046 g to 1.766 g as 1/L increases from 0 to the
permissible limit 0.07.
5.4.4 Median Seismic Capacity
Having obtained the capacity SC and seismic demand SD, the median strength factor FS,m
can be determined by
F
S,m
= C − DNS
DS +1CS
= SC
SD
. (5.4.41)
Since both SC and SD are functions of wall drift, a maximum FS,m can be found within the
limits of elastic drift and the maximum inelastic drift.
The elastic drift at the mid-span of the wall is given by
1 = 5WL
4
384 Em Ie
= 5×83.5×11
4×122
384×1.755×106×22.15 = 0.06 in. (5.4.42)
Recalling that the maximum inelastic drift at mid-span of the wall is equal to 9.24 in as given
by equation (5.4.35), the secant frequency corresponding to the maximum inelastic drift is,
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according to the equation (5.4.19)
Fsec=
1
2π
√
1.5 SC
1u
= 1
2×3.14
√
1.5×(1.766×386.4)
9.24
= 1.68 Hz. (5.4.43)
For the example block wall, SC, SD, and the median strength factor FS,m are calculated for
the elastic frequency and a few secant frequencies corresponding to some discrete drifts 1;
the results are given in Table 5.7.
Table 5.7 Median Strength Factor as Function of Drift Level for Block Wall
Drift ratio u Frequency (Hz) Reference demand Capacity
F
S,m
1/L (in) F Fsec SD (g) SC (g)
Elastic 0.06 14.51 0.422 2.046 4.855
0.15% 0.20 12.30 0.378 2.040 5.403
0.66% 0.87 5.84 0.926 2.020 2.183
1% 1.32 4.72 0.554 2.006 3.624
1.79% 2.36 3.50 0.322 1.975 6.125
2% 2.64 3.30 0.337 1.966 5.834
3% 3.96 2.68 0.628 1.926 3.066
5% 6.60 2.03 0.370 1.846 4.985
7% 9.24 1.68 0.260 1.766 6.786
It is seen from Table 5.7 that
§ As shown in Figure 5.7, the FRS has two main peaks between the elastic frequency
14.51 Hz and the minimum secant frequency 1.68 Hz of the block wall. Seismic
demand decreases as the wall starts to become inelastic and then increases rapidly
when the secant frequency approaches the second dominant natural frequency 5.84
Hz of the service building (see Table 5.4). Subsequently, the seismic demand decreases
again until the secant frequency reaches 3.5 Hz. Afterwards, the seismic demand
increases to peak value of 0.628g PGA at the first dominant frequency 2.68 Hz. At
last, the seismic demand decreases to 0.26g PGA at the minimum secant frequency
1.68 Hz.
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§ Structural capacity decreases monotonically from 2.046g to 1.766g with increasing
drift.
§ The minimum median strength factor F
S,m
=2.183 occurs at (1/L)=0.66%. How-
ever, this is not a steady state for defining the wall seismic capacity, since it will drift
further inelastically to escape from this large seismic demand.
§ The maximum F
S,m
=6.786 corresponds to (1u/L)=7%, which is the maximum
credit that the wall can take within the permissible drift limit.
For the block wall, horizontal peak response is unit median (Table 3-3, EPRI TR-103959,
EPRI, 1994), foundation-soil interaction is not considered, and direct spectra-to-spectra
method is used to generate FRS, hence FRS, m=1.0 (see Section 3.1.2). Therefore, median
factor of safety Fm is given by
Fm = Fµ ·FRS,m ·FS,m = 1.0×1.0×6.786 = 6.786. (5.4.44)
Finally, the median seismic capacity of the block wall is given by
Am = Fm ·ARLE = 6.786×0.3g PGA = 2.036g PGA. (5.4.45)
5.4.5 Logarithmic Standard Deviations
The approximate second-moment procedure is applied to calculate the variability of A due
to response and capacity variables.
5.4.5.1 Basic Variables for Seismic Demand
Logarithmic standard deviations for basic response variables are taken in accordance EPRI-
TR-103959 (EPRI, 1994). It is noted that damping and frequency uncertainties need to be
converted to be uncertainties on spectral acceleration at secant frequency of the block wall.
Structural Damping
Based on FRS in Figure 5.7, βU of seismic demand of the block wall due to structure
damping can be calculated by
βU =
1
1
ln
SF( F=1.68 Hz, ζ=3%)
SF( F=1.68 Hz, ζ=5%)
= ln 0.264g
0.260g
= 0.014. (5.4.46)
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Structural Frequency
In this study, an accurate three-dimensional finite element model of the service building is
used for generating FRS. It is assumed that it can reasonably represent the realistic case and
that the modelling is unbiased. βU=0.15 is used to take account of structure frequency
(page 3-18, EPRI, 1994).
Based on the RLE, as shown in Figure 5.5, the logarithmic standard deviation of spectral
acceleration at the first natural frequency ( F1=2.676 Hz) in direction 2 due to structure
frequency variability is calculated by
βS =
1
1
ln
SA( F1=2.676 ·e0.15 Hz, ζ=5%)
SA( F1=2.676 Hz, ζ=5%)
= ln 0.327g
0.294g
= 0.109, (5.4.47)
Taking SA( F1)=0.294g ·e0.109=0.327g, one can apply the direct spectra-to-spectra
method to generate FRS as shown in Figure 5.10. βU of the seismic demand due to
structure frequency is given by
βU =
1
1
ln
SF( Fsec=1.68 Hz, F1=2.676 ·e0.15 Hz)
SF( Fsec=1.68 Hz, F1=2.676 Hz)
= ln 0.271g
0.260g
= 0.04. (5.4.48)
BlockWall Damping
Based on FRS in Figure 5.7, βU value for block wall damping can be calculated as
βU =
1
1
ln
SF( Fsec=1.68 Hz, ζ=4%)
SF( Fsec=1.68 Hz, ζ=6%)
= 1
1
ln
0.293g
0.260g
= 0.12. (5.4.49)
BlockWall Frequency
Based on FRS in Figure 5.7, βU for block wall frequency can be calculated by
βU =
1
1
ln
SF( Fsec=1.68 ·e0.16 Hz, ζ=6%)
SF( Fsec=1.68 Hz, ζ=6%)
= ln 0.348g
0.260g
= 0.29. (5.4.50)
5.4.5.2 Basic Variables for BlockWall Capacity
The structural capacity of block wall can be obtained from equation (5.4.39) by setting
1=1u
SC =
(8Mu
WL2
− 4 · 1u
L
)
g, (5.4.51)
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Figure 5.10 FRS of Node 1 in direction 2 of service building
where Mu is the “best estimate” moment strength given by
Mu = Feqn ·Frb ·
(
As Fy
)(
D− a
2
)
, (5.4.52)
and a is given by equation (5.4.13). Combining these equations gives
SC =
[
8
WL2
·Feqn ·Frb ·
(
As Fy
)(
D −
As Fy
1.60 Fm
′ B
)
− 4 · 1u
L
]
g. (5.4.53)
It can be seen that the structural capacity SC is a nonlinear function of lognormal random
variables Feqn, Frb, Fy, and Fm
′ .
5.4.5.3 Variability of Factor of Safety
From Table 5.7, corresponding to 1/L=7%, the median factor of safety is Fm=6.786.
Herein, the variability of F due to equation error is evaluated as an example. Given
βU=0.105 of equation error variability, substituting Feqn=1.034 ·e−0.105 into equation
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(5.4.53) gives block wall capacity SC=1.562g. Thus the secant frequency of block wall is
Fsec=
1
2π
√
1.5 SC
1u
= 1
2×3.14
√
1.5×(1.562×386.4)
9.24
= 1.58 Hz. (5.4.54)
Based on FRS in Figure 5.7, seismic demand of the block wall is given by
SD = SF( Fsec, 6%) = 0.237g. (5.4.55)
Hence median strength factor F
S,m
is given by
F
S,m
= 1∣∣−1∣∣ ln SCSD = ln
1.562g
0.237g
= 6.603. (5.4.56)
Having obtained F
S,m
, the factor of safety F−1σ is given by
F−1σ = Fµ ·FRS,m ·FS,m = 1.0×1.0×6.603 = 6.603, (5.4.57)
The variability of F due to equation error variability is determined by
F−1σ =
1∣∣−1∣∣ ln FmF−1σ = ln
6.786
6.603
= 0.027. (5.4.58)
Table 5.8 enumerates the logarithmic standard deviations for all basic variables.
5.4.6 Seismic Fragility Curves
Having obtained seismic fragility parameters, seismic fragility of the heat exchanger, at
confidence level Q=q , can be determined by
p
F, q
(a) = P{A< a ∣∣GMP = a, Q = q} = 8[ ln(a/Am)+ βU8−1(q)
βR
]
. (5.4.59)
Figure 5.11 shows seismic fragility curves of the block wall. When composite variability is
used, a mean seismic fragility curve can be obtained and is shown in Figure 5.11.
In addition, one can obtain HCLPF seismic capacity of the block wall as
CHCLPF = Am e(βR+βU)8
−1(0.05) = 2.036×e−1.6449(0.21+0.36) = 0.809g PGA. (5.4.60)
5.5 Weighting Seismic Fragility Analysis
In this Section, weighting fragility curves and HCLPF seismic capacities of the block wall are
determined. The fragility results based on weighting and current methods are compared.
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Table 5.8 The Variability of F from Response and Capacity Variables
Case Variable Randomness Uncertainty F β
0 Base Case Variable at median 6.79
Response Variables Variable at median plus 1σ F1σ βR βU
1 Horizontal direction peak response SD e
0.13 5.96 0.13
2 Structure frequency SD e
0.04 6.52 0.04
3 Structure damping SD e
0.014 6.69 0.014
4 Structure mode shape SD e
0.15 5.84 0.15
5 Structure mode combination SD e
0.15 5.84 0.15
6 Block wall frequency SD e
0.29 5.08 0.29
7 Block wall damping SD e
0.12 6.02 0.12
8 Block wall mode shape SD e
0.05 6.45 0.05
9 Block wall mode combination SD e
0.05 6.45 0.05
Capacity Variables Variable at median minus 1σ F−1σ βR βU
10 Equation error Feqn Feqn e
−0.105 6.60 0.027
11 Rebar error F
rb
F
rb
e−0.071 6.67 0.017
12 Masonry strength Fm
′ Fm
′ e−0.05 6.79 0.00
13 Steel strength Fy Fy e
−0.08 6.66 0.019
SRSS Combination βR βU
0.21 0.36
βC 0.41
5.5.1 Generation of Input Ground Response Spectra
Vector-valued Ground Motion Parameters
As shown in Table 5.4, the first two dominant frequencies of the service building in direction
2 is 2.676 Hz (denote as F1) and 5.838 Hz (denote as F2), respectively. As shown in Figure
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Figure 5.11 Seismic fragility curves of block wall
5.5, the FRS has two main peaks at F1 and F2. Based on the spectral correlation model
developed by Baker and Jayaram (2008), the correlation coefficient between lnSA( F1) and
lnPGA is 0.736; whereas the correlation coefficient between lnSA( F2) and lnPGA is 0.902,
which is pretty close to 1.0. For other three small peaks, the correlation coefficients among
logarithmic spectral accelerations at these peak frequencies and lnPGA are much closer to
1.0. Therefore, in this example, two GMPs, i.e., SA( F1) and PGA, are chosen as VGMPs.
In the meantime, the correlation coefficients among logarithmic spectral accelerations at
remaining natural frequencies of the service building and lnPGA are taken as 1.0, i.e., fully
correlated.
Generation of Input Ground Response Spectra
In this example, SA( F1) and PGA are taken as VGMPs, thus a large number of input ground
response spectra (GRS) are generated accounting for aleatory randomness in estimating
SA( F1). Since spectral accelerations at natural frequencies (exclude F1) of the service build-
ing are assumed to be fully correlated with PGA, given a PGA value such as PGA=1.0g ,
spectral values at these frequencies can be obtained as follows:
147
5.5 weighting seismic fragility analysis
0.01 0.1 1 10
10
−6
10
−5
10
−4
10
−3
10
−2
Spectral Acceleration (g)
M
ea
n
 A
n
n
u
al
 F
re
q
u
en
cy
 o
f 
E
xc
ee
d
an
ce
PGA
5Hz
10Hz
20Hz
1.66
1.79
1.99
4.124
Figure 5.12 Mean seismic hazard curves for PGA and spectral accelerations at three rep-
resentative frequencies
1. determine seismic hazard, i.e., mean annual frequency of exceedance, of 4.124×10−6
with respect to PGA=1.0g , from mean seismic hazard curve for PGA (see Figure
5.12)
2. calculate spectral values 1.66g, 1.79g, and 1.99g at three representative frequencies
(i.e., 5, 10, and 20 Hz), regarding 4.124×10−6, based on mean seismic hazard curves
at these three frequencies (see Figure 5.12)
3. given an example of 1.2g of SA( F1), define the smooth input GRS going through these
spectral values as seismic input, as shown in Figure 5.13
4. determine spectral values at natural frequencies of the service building by linearly
interpolating the input GRS in logarithmic scale
5. changing spectral values of SA( F1) from lower to upper bounds can generate input
GRS accounting for aleatory randomness in SA( F1) .
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Changing PGA values from lower to upper bounds and repeating above procedure can
generate input GRS that take aleatory randomness and ground motion intensity effect into
consideration.
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Figure 5.13 An example of input GRS
5.5.2 Weights of Input GRS
As in Chapter 4, vector-valued PSHA (VPSHA) is performed to calculate mean annual
rate density of SA( F1)
∣∣PGA. The lower and upper bounds of SA( F1) and PGA are 0.1g
and 5g , respectively. Both SA( F1) and PGA are uniformly discretized into 100 intervals
in logarithmic scale. Figure 5.14 shows three curves of mean rate density of SA( F1) with
respect to three PGA values.
Given a PGA value, the weights of input GRS with spectral value of SA( F1) from an
interval can be determined based on mean annual rate density of SA( F1). As shown in
Figure 5.15, taking PGA=1.0g for example, the annual rate of occurrence of SA( F1) in the
entire spectral domain
[
0.10g, 5g
]
is given by
λ
(
0.16 s165
∣∣ s0=1.0g) ≈ 100∑
I1= 1
F ′
SA( F1)
∣∣PGA(s(I1)1 ∣∣ s0=1.0g)1s(I1)1 = 0.215, (5.5.1)
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Figure 5.14 Mean annual rate density of SA( F1) with respect to three PGA values
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Figure 5.15 Mean annual rate density of SA( F1) at PGA=1.0g
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thus given s0=1.0g , the weight of input GRS with spectral value SA( F1)= s
(I1)
1 can be
determined by
w
(
s
(I1)
1 6 s1< s
(I1+1)
1
∣∣ s0=1.0g) = λ
(
s
(I1)
1 6 s16 s
(I1+1)
1
∣∣ s0=1.0g)
λ
(
0.16 s165
∣∣ s0=1.0g)
≈
F ′
SA( F1)
∣∣PGA(s(I1)1 ∣∣ s0=1.0g)1s(I1)1
0.215
. (5.5.2)
In Figure 5.15, the blue curve denotes mean annual rate density of SA( F1) at PGA=1.0g,
while the red column area is annual rate of occurrence of SA( F1) in the interval between
1.2g and 1.25g. The weight of input GRS in this interval is determined by
w
(
1.2g6 s261.25g
∣∣ s0=1.0g) = F
′
SA( F1)
∣∣PGA(s2=1.2g ∣∣ s0=1.0g) ·0.05g
0.215
= 0.0014
0.215
= 0.0065. (5.5.3)
Changing spectral values of SA( F1) from lower bound of 0.1g to upper bound value of 5g
can obtain the weights of input GRS given PGA=1.0g. Afterwards, changing PGA values
from lower bound to upper bound results in a two-dimensional numerical distribution for
weights of input GRS, as shown in Figure 5.16. The input GRS with the assigned weights
would be defined as seismic input in seismic fragility analysis considering VGMPs.
5.5.3 Development of Seismic Fragility Surfaces
5.5.3.1 Procedure
Structural capacity of the block wall has been calculated in Section 5.4.3; hence structural
capacity analysis would not be performed here. Since VGMPs are used, a great number of
input GRS are defined as seismic input. A brief procedure for developing seismic fragility
surfaces of the block wall is presented as follows:
1. Discretize spectral domain of SA( F1) and PGA into suitable intervals
(1) Truncate the spectral domain at a reasonable small value and a large value
(2) Uniformly discretize the spectral domain in logarithmic scale into 100×100
intervals
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Figure 5.16 Weights of input GRS
2. Calculate median seismic demand of the block wall
(1) Define the GRS with spectral values from an interval as seismic input
(2) Generate the FRS where the block wall is located given the input GRS
(3) Interpolate the FRS to obtain median seismic demand of the block wall
(4) Repeat steps (1) to (3) to determine median seismic demand of the block wall
given input GRS from other intervals
3. Determine numerical distributions of seismic fragility for the block wall
(1) Calculate median ratio factor Rm given an input GRS
(2) Calculate logarithmic standard deviations βR and βU given the input GRS
(3) Determine conditional probability of failure value given the input GRS
(4) Repeat steps (1) to (3) to calculate conditional probability of failure values from
other intervals
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(5) Integrate conditional probability of failure values to obtain numerical condi-
tional probability of failure distributions.
As long as the sizes of intervals are reasonable small, seismic fragility surfaces can be well
represented by numerical conditional probability of failure distributions.
5.5.3.2 Conditional Probability of Failure Given an Input GRS
To better illustrate above procedure, conditional probability of failure given an example of
input GRS is calculated in the following.
Generation of Input GRS
Input GRS are needed to be defined as the seismic input for generating FRS. Herein, the
input GRS with spectral value SA( F1)=1.2g at PGA=1.0g is taken for example. Given
PGA=1.0g , spectral values at representative frequencies, i.e., 5, 10, 20 Hz, can be deter-
mined in accordance with the procedure in Section 5.5.1. Afterwards, a smooth GRS with
these spectral values (black curve in Figure 5.17), can be defined as horizontal input GRS.
Spectral accelerations at natural frequencies (exclude F1 ) of the service building are deter-
mined by interpolating the horizontal input GRS in logarithmic scale. Changing spectral
values of SA( F1) can generate input GRS accounting for aleatory randomness in estimating
SA( F1). At last, change PGA values to determine the input GRS accounting for ground
motion effect.
Having defined the horizontal input GRS, the vertical input GRS can be obtained using
V/H ratios (AMEC, 2009). Assume that horizontal seismic input in longitudinal and
transverse directions are equal in magnitude, then seismic input in three directions can be
applied simultaneously to calculate FRS at the location of block wall.
Generation of FRS
Define the input GRS with spectral value SA( F1)=1.2g at PGA=1.0g as seismic input.
The direct spectra-to-spectra method is used to generate three sets of FRS in direction 2 of
Node 1, as shown in Figure 5.18. The median elastic demand SD of the block wall can be
obtained from the FRS (SF) given in Figure 5.18. When the wall drifts inelastically under
153
5.5 weighting seismic fragility analysis
0.1 1 10 50
0.01
0.1
1
5
Frequency (Hz)
Sp
ec
tr
al
 A
cc
el
er
at
io
n
 (
g)
f1
1.2 1.66
1.99
1.79
1.0
2.676 5 20
Horizontal GRS
w=0.0014
w=0.0228
0.5
0.3g
w=0.0012
Figure 5.17 An example of horizontal input GRS
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Figure 5.18 FRS at Darlington NGS site given an input GRS
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earthquake, equivalent linear elastic procedure is used to determine the nonlinear demand
of the block wall by
SD = SF( Fsec, 6%), (5.5.4)
where SF( Fsec, 6%) can be obtained from the FRS given in Figure 5.18.
By changing the input GRS, FRS of the block wall can be generated repeatedly.
Determination of Median Ratio Factor
Having obtained the capacity SC (see Section 5.4.3) and seismic demand SD, the median
strength factor F
S,m
can be determined by equation (5.4.41). Table 5.9 gives median strength
factor F
S,m
with respect to wall drift ratios. It can be seen that maximum F
S,m
=2.129 occurs
when Fsec=1.68 Hz.
Table 5.9 Median Strength Factor as Function of Drift for Block Wall
Drift ratio u Frequency (Hz) Reference demand Capacity
F
S,m
1/L (in) Fsec SD (g) SC (g)
0.15% 0.20 12.20 1.365 2.040 1.494
0.66% 0.87 5.84 3.309 2.020 0.610
1% 1.32 4.72 2.014 2.006 0.996
1.70% 2.36 3.60 1.258 1.978 1.572
2% 2.64 3.30 1.341 1.966 1.467
3% 3.96 2.68 2.565 1.926 0.751
5% 6.60 2.03 1.304 1.846 1.416
7% 9.24 1.68 0.830 1.766 2.129
Having obtained F
S,m
, the median ratio factor Rm is given by
Rm = Fµ ·FRS,m ·FS,m = 1.0×1.0×2.129 = 2.129. (5.5.5)
Determination of Logarithmic Standard Deviations
The approximate second-moment procedure is applied to calculate variability of ratio factor
R . Table 5.10 enumerates the variability of R due to response and capacity variables.
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Table 5.10 The Variability of R from Response and Capacity Variables
Case Variable Randomness Uncertainty R β
0 Base Case Variable at median 2.129
Response Variables Variable at median plus 1σ R1σ βR βU
1 Horizontal direction peak response SD e
0.13 1.87 0.13
2 Structure frequency SD e
0.09 1.94 0.09
3 Structure damping SD e
0.03 2.06 0.03
4 Structure mode shape SD e
0.15 1.83 0.15
5 Structure mode combination SD e
0.15 1.83 0.15
6 Block wall frequency SD e
0.37 1.47 0.37
7 Block wall damping SD e
0.11 1.91 0.11
8 Block wall mode shape SD e
0.05 2.02 0.05
9 Block wall mode combination SD e
0.05 2.02 0.05
Capacity Variables Variable at median minus 1σ R−1σ βR βU
10 Equation error Feqn Feqn e
−0.105 2.129 0.0
11 Rebar error F
rb
F
rb
e−0.071 2.129 0.0
12 Masonry strength Fm
′ Fm
′ e−0.05 2.129 0.0
13 Steel strength Fy Fy e
−0.08 2.129 0.0
SRSS Combination βR βU
0.20 0.43
βC 0.48
It is noted that in the evaluation of capacity variability, the secant frequency of the block
wall changes when an capacity variable is set at −1σ level, thus seismic demand of the
block wall changes as well. As a result, the variability of R due to capacity variability
is the combined effects of capacity and seismic demand. The variability of R due to
156
5.5 weighting seismic fragility analysis
equation error variability is calculated as an example. Substituting Feqn=1.034 ·e−0.105
into equation (5.4.53) gives block wall capacity SC=1.562g. Thus the secant frequency of
block wall is given by
Fsec=
1
2π
√
1.5 SC
1u
= 1
2×3.14
√
1.5×(1.562×386.4)
9.24
= 1.58 Hz. (5.5.6)
Based on FRS in Figure 5.18, when the block wall approaches drift limit, seismic demand of
the block wall is given by
SD = SF( Fsec, 6%) = 0.732g. (5.5.7)
Hence median strength factor F
S,m
is given by
F
S,m
= 1∣∣−1∣∣ ln SCSD = ln
1.562g
0.732g
= 2.136. (5.5.8)
Having obtained F
S,m
, the ratio factor R−1σ is given by
R−1σ = Fµ ·FRS,m ·FS,m = 1.0×1.0×2.136 = 2.136, (5.5.9)
It can be seen that R−1σ >Rm, which indicates median seismic capacity of the block wall
increases with the decrease of its structural capacity. Therefore, β value of R due to equation
error variability should be taken as 0.
Determination of Seismic Fragility
Having obtained median ratio factor Rm and logarithmic standard deviations βR and βU ,
given the input GRS, conditional probability of failure p
F, q
(
1.0, 1.2
)
, at confidence level
Q = q, can be determined by
p
F, q
(
1.0, 1.2
∣∣Q=q) = 8{ ln(1/Rm)+ βU8−1(q)
βR
}
. (5.5.10)
In applications, confidence level Q is usually taken as discrete values. Taking confidence
level Q = 95% for example, p
F, q
(
1.0, 1.2
∣∣Q = 0.95) is given by
p
F, q
(
1.0, 1.2
∣∣Q=0.95) = 8{ ln(1/2.129)+ 0.43×8−1(0.95)
0.20
}
= 0.408. (5.5.11)
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When composite variability is used, a mean seismic fragility p
F, C
(
1.0, 1.2
)
is calculated as
p
F, C
(
1.0, 1.2
) = 8{ ln(1/Rm)
βC
}
= 8
{
ln(1/2.129)
0.48
}
= 0.056. (5.5.12)
Seismic Fragility Surfaces
Defining input GRS with spectral acceleration values at three frequencies from all other
intervals of spectral domain, and repeating the procedure for calculating conditional prob-
ability of failure values result in a family of seismic fragility surfaces, as shown in Figure
5.19. When composite variability is used, a composite (mean) seismic fragility surface is
obtained and is shown in Figure 5.19.
Figure 5.19 Seismic fragility surfaces of SA( F1) and PGA
It is noted that the secant frequency Fsec of the block wall decreases to 1.68 Hz when the
block wall approaches drift limit. Given a small spectral value of SA( F1) , FRS would be
pretty low in frequency range less than F1=2.676 Hz. Therefore, spectral acceleration at
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Fsec=1.68 Hz is reasonable small. It would result in pretty small conditional probability of
failure even if PGA value is reasonable large, as shown in Figure 5.19.
5.5.4 Weighting Seismic Fragility Curves
Having obtained the weights of input GRS (see section 5.5.2) and seismic fragility surfaces
(see section 5.5.3), the weighting seismic fragility in terms of PGA, at confidence level
Q=q is determined by
p¯
F, q
(s0) =
100∑
I1= 1
[
p
F, q
(
s
(I1)
1 , s0
) ·w(s(I1)1 6 s16 s(I1+1)1 ∣∣ s0)], (5.5.13)
where I1=100 is the number of intervals of SA( F1), w
(
s
(I1)
1
6 s16 s
(I1+1)
1
∣∣ s0) is the weight
of input GRS given by equation (5.5.2), and p
F, q
(
s
(I1)
1 , s0
)
is the seismic fragility at Q=q
given by equation (5.5.11).
When composite variability is used, a weighting composite (mean) seismic fragility is
determined by
p¯
F, C
(s0) =
100∑
I1= 1
[
p
F, C
(
s
(I1)
1 , s0
) ·w(s(I1)1 6 s16 s(I1+1)1 ∣∣ s0)], (5.5.14)
where p
F, C
(
s
(I1)
1 , s0
)
is mean seismic fragility given by equation (5.5.12).
Changing PGA values from lower bound of 0.1g to upper bound of 5g results in weight-
ing seismic fragility curves, as shown in Figure 5.20.
Conventional seismic fragility curves of the block wall in section 5.4 are plotted together
with the weighting curves. It shows that the weighting median seismic capacity of the
heat exchanger has a significant increase (from 2.036g PGA to >5g PGA). HCLPF seismic
capacity of the block wall based on weighting and current seismic fragility analysis methods
are calculated and shown in Figure 5.21. It can be seen that the weighting seismic capacity
has 42.5% increase (from 0.809g PGA to 1.167g PGA). Both results indicate that current
seismic fragility analysis includes remarkable conservatism in the estimation of median and
HCLPF seismic capacity of the block wall. Weighting seismic fragility analysis method
should be used to acquire more accurate seismic capacity estimates of components on
primary structures.
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Figure 5.20 Seismic fragility curves of block wall based on two methods
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Figure 5.21 HCLPF seismic capacities of block wall based on two methods
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5.6 Summary
In this Chapter, weighting seismic fragility analysis for components on primary structures
is presented:
§ a direct spectra-to-spectra method is introduced to generate FRS with high efficiency
and sufficient accuracy, and
§ uncertainties in structural responses are efficiently captured.
The proposed method can efficiently develop seismic fragility surfaces and provides more
accurate seismic capacity estimates of components.
Numerical example for a block wall located in the service building of Darlington nuclear
generating station is performed:
§ weighting median seismic capacity has over 100% increase, and
§ weighting HCLPF seismic capacity has 42.5% increase.
Recall that in Chapter 4, correlation coefficient ρ is 0.905 between vector-valued GMPs
(VGMPs). For the block wall in this example, ρ is 0.736 between VGMPs, which is much
smaller than 0.905. It indicates that, with smaller correlation coefficient between VGMPs,
more increase are found in seismic capacity estimates of structures, systems, and compo-
nents (SSCs).
Weighing seismic fragility analysis should be performed for SSCs mounted on structures
aiming to obtain more accurate seismic capacity estimates.
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Improved Seismic Margin Assessment
A nuclear power plant consists of a great number of structures, systems, and components
(SSCs). Seismic margin assessment (SMA) is widely used to evaluate plant seismic capacity.
A general procedure of the SMA is shown in Figure 6.1. High Confidence and Low Prob-
ability of Failure (HCLPF) seismic capacities of SSCs, in terms of a single ground-motion
parameter such as PGA, are defined as input for performing system analysis by means of
event trees and fault trees. Therefore, accurate HCLPF seismic capacities of SSCs are pretty
important in the SMA.
Figure 6.1 A general procedure of seismic margin assessment
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6.1 system analysis
In this Chapter, an improved SMA procedure is proposed:
§ weighting seismic fragility analysis is performed for calculating HCLPF seismic ca-
pacities of “weak link” SSCs, and
§ current seismic fragility analysis is conducted for determining HCLPF seismic capac-
ities of less important SSCs.
This ensures that more accurate plant seismic capacity is obtained while computational cost
is acceptable.
Numerical example for an emergency coolant injection (ECI) system is performed to
illustrate the procedure and demonstrate its advantages. The results show that the improved
SMA procedure effectively increase HCLPF seismic capacity estimate of the ECI system.
6.1 System Analysis
Engineering practice has recognized that, the occurrence of an adverse consequence such as
core damage accident, probably results from the initiating event (fault) of an SSC. Therefore,
system analysis is necessarily performed to propagate basic events to the occurrence of
adverse consequence. It mainly includes three key steps: (1) event trees are applied to
develop accident sequences (failure paths) of an adverse consequence based on top events
following the initiating event; (2) fault trees are developed to determine HCLPF capacities
of top events contributed from basic events; (3) HCLPF capacities of top events in accident
sequences are propagated to calculate plant damage state HCLPF seismic capacity, thus
saves the redesign cost for a electric cabinet.
6.1.1 Event Tree Analysis
When an initiating event occurs, an accident sequence is required to be developed to find
out all the possible failure paths triggering an adverse consequence, following the initiating
failure. In engineering applications, event trees are usually used to establish the accident
sequence. As shown in Figure 6.2, one can take core damage (CD) accident for example, an
event tree is developed to establish the accident sequence following the large loss of coolant
accident (LLOCA). Six top events, LLOCA, EC, LPI, CHR, CV, and LI are addressed in this
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accident sequence. “Success” indicates that the top event does not fail due to the failure of
preceding top event.
LLOCA EC LPI CHR CV LI
OK
OK
CD
CD
CD
CD
Large Loss of Coolant Accident (LLOCA)
CHR: Containment Heat Removal
DEP: Depressurization
LI: Late Inventory
EC: Early Containment Control
CV: Containment Vent
LPI: Low Pressure Injection
Success
Failure
Figure 6.2 An example of event tree for core damage accident
6.1.2 Fault Tree Analysis
For each top event in the accident sequence, as shown in Figure 6.2, a fault tree is developed
to decompose it into sub-events until the failures (faults) of the sub-events can be evaluated
as single-mode faults. NUREG-0492 (USNRC, 1981) presents more detailed introduction of
fault tree analysis.
Fault Tree Diagram
A fault tree diagram essentially decomposes the top event into unions and intersections of
sub-events or combination of sub-events. The objective of a fault tree is to identify and
model the various faults that can result in the occurrence of the top event. A fault tree
diagram is then a graphical decomposition of a top event into the union and/or intersection
of sub-events. The alternative faults that could lead to top event are logically related to the
top event by “OR” and “AND” gates. Some commonly used symbols of fault trees are listed
in Table 6.1. A simple fault tree is shown in Figure 6.3. The top event E is connected to
events E1 and E2 through a “OR” gate, which indicates that the top event E is the union of
sub-events E1 and E2 , i.e., E will occur if at least one of the two events E1 and E2 occurs.
Event E1 is the union of B1 and B2 . Event E2 is developed further at the transfer-out “1”, in
which E2 is the intersection of sub-events E3 and E4 . Event E3 is the union of B1 and B3 ,
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and event E4 is the intersection of B4 and B5 . Mathematically, the events can be expressed
as
E = E1 + E2, E1 = B1 + B2, E2 = E3 ·E4 = (B1 + B3) ·(B4 ·B5). (6.1.1)
Table 6.1 Common Fault Tree Symbols
Basic Event, which is a basic initiating fault
Undeveloped Event, which is not developed further because of insufficient
consequence or unavailable information
External Event, which is not a fault but a normally occurring basic event
Intermediate Event, which occurs because of the occurrence of one or more
antecedent events through logic gates
“OR” Gate, in which the output event occurs if at least one of the input events
occur
“AND” Gate, in which the output event occurs if all of the input events occur
Transfer-In, indicating that the tree is developed further at the corresponding
Transfer-Out
Transfer-Out, indicating that this portion of the tree must be attached at the
corresponding Transfer-In
E = Top Event
E1 E2 E3 E4
E2
B5B1 B2 B4B1 B3
1
1
Figure 6.3 A simple fault tree
Boolean Algebra
Constructing fault trees is a systematic procedure that permits the analysis of complex
systems. However, redundant events in a fault tree will lead to double accounting if they are
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not eliminated. The algebra of sets, or more generally the Boolean algebra, can be applied
to remove any redundancies of the same event.
A complete list of rules of Boolean algebra is given in NUREG-0492 (USNRC, 1981). Some
useful rules are listed in Table 6.2. Considering the fault tree shown in Figure 6.3, the top
event E can be written as, using equations (6.1.1) and the rules of Boolean algebra,
E = E1 + E2 = (B1 + B2)+ (B1 + B3) ·(B4 ·B5)
= B1 + B2 + B1 ·B4 ·B5 + B3 ·B4 ·B5
= (B1 + B1 ·B4 ·B5)+ B2 + B3 ·B4 ·B5
= B1 + B2 + B3 ·B4 ·B5. (6.1.2)
The corresponding reduced fault tree is shown in Figure 6.4.
Table 6.2 Some Useful Boolean Algebra Rules
X ·X = X
X + X = X
X · (X + Y) = X
X + X ·Y = X
X + X = (sample space)
X · X = ∅ (empty set)
X · Y = X + Y
X + Y = X · Y
E = Top Event
B5
B1 B2
B4B3
Figure 6.4 Reduced fault tree
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HCLPF Max/Min Method
Since the top event is related to the sub-events and basic faults at subsequent levels of a fault
tree through combinations of “AND” and “OR” logic gates, the top event can be expressed
in terms of unions and intersections of sub-events and basic faults. Having simplified the
Boolean expression of the top event using Boolean algebra, the HCLPF seismic capacity of
the top event can be determined by HCLPF Max/Min method:
§ Sub-events and basic faults are combined with “AND” gate
The maximum HCLPF seismic capacity among the faults under “AND” gate is taken
as HCLPF seismic capacity of the intersection.
§ Sub-events and basic faults are combined with “OR” gate
The minimum HCLPF seismic capacity among the faults under “OR” gate is taken as
HCLPF seismic capacity of the union.
As shown in Figure 6.4, B3 , B4 , and B5 are combined with “AND” gate, the HCLPF
seismic capacity for this intersection (denote as B6) is taken as the maximum one among
these three events. Afterwards, events B1 , B2 , and B6 are combined with “OR” gate. Thus
the HCLPF seismic capacity of the top event E is taken as the minimum HCLPF seismic
capacity among these three events.
6.2 Numerical Example for Emergency Coolant Injection
System
6.2.1 Basic Configuration of ECI System
The ECI system is shown in Figure 6.5. The system consists of a water tank T, a manual
valve V that is normally open, two pumps P1 and P2, two check valves CV1 and CV2, and
three motor-operated valves MV1, MV2, and MV3 that are normally closed. When the ECI
system is activated, the ECI injection signal is delivered to operate pumps P1 and P2, and to
open the motor-operated valves MV1, MV2, and MV3. The success criterion is that water
flow is delivered from at least one pump through at least one motor-operated valve.
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M
M
M
Water
Source
T
V
P1
PS-A
PS-B
CV1
MV1
MV2
MV3
CV2P2
Emergency Coolant Injection Signal
Injection Line
Suction Line
Pump System
Figure 6.5 A simplified ECI system
Fault Tree Analysis
The ECI system can be divided into three subsystems: Suction Line, Pump System, and
Injection Line, as shown in Figure 6.5. The Suction Line consists of a water tank T and a
manual valve V. It fails when the tank fails (no water supply) or the manual valves fails (not
able to remain open). The Pump system has two flow routes PS-A and PS-B connected in
parallel. Each flow route consists of a pump and a check valve connected in series, which
fails if no ECI Signal is delivered to operate the pump, or the pump fails to operate, or the
check valve is not open. This subsystem fails when both flow routes fail. The Injection Line
consists of three motor-operated valves connected in parallel, which fails when all three
injection lines fail. An injection line fails if no ECI Signal is delivered or the valve fails to
open. The fault tree of the ECI system is shown in Figure 6.6. Define the following events:
E = ECI system fails (ECI fails to deliver at least one pump of flow),
W = Suction Line fails,
P = Pump system fails,
I = Injection Line fails,
T = Water Tank T fails,
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1 Suction Line fail
VT
W
Tank T
fails
Manual Valve V1
fails to stay open
2 Pump Segments fail
PS-A fails
P
PA
C1
P1S
No water from P1
Signal failre
to P1
Pump P1 
fails to operate
Check Valve CV1
fails to open
PS-B fails
PB
C2
P2S
No water from P2
Signal failre
to P2
Pump P2 
fails to operate
Check Valve CV2
fails to open
3 Injection Lines fail
I
M1S
Signal failre
to MV1
MV1
fails to open
M3S
Signal failre
to MV2
MV3
fails to open
M2S
Signal failre
to MV2
MV2
fails to open
Pump Segments
fails
Injection Lines
fails
Suction Line
fails
1 2 3 IW P
Figure 6.6 Fault tree of the ECI system
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V = Manual valve V fails,
PI = Pump PI, I=1, 2, fails,
CI = Check Valve CI, I=1, 2, fails,
MI = Motor-operated valve MVI, I=1, 2, 3, fails,
S = No ECI Signal delivered.
Hence, performing Boolean algebra on the events results in
W = T + V,
P = PA ·PB= [(S + P1)+ C1] ·[(S + P2)+ C2]
= S ·S + S ·(P1 + P2 + C1 + C2)+ P1 ·P2 + P1 ·C2 + P2 ·C1 + C1 ·C2
= S + (P1 + C1) ·(P2 + C2)
I = (S + M1) ·(S + M2) ·(S + M3)
= S ·S ·S + S ·S ·(M1 + M2 + M3)+ S ·(M1 ·M2 + M2 ·M3 + M1 ·M3)+ M1 ·M2 ·M3
= S + M1 ·M2 ·M3
E = W + P + I= (T + V)+ [S + (P1 + C1) ·(P2 + C2)] + (S + M1) ·(S + M2) ·(S + M3)
= T + V + S + (P1 + C1) ·(P2 + C2)+ M1 ·M2 ·M3. (6.2.1)
The Boolean expression (6.2.1) can be used to draw the reduced fault tree in Figure 6.7.
It is noted that, the ECI signal control in located in an electric cabinet. The ECI signal fails
to deliver when the cabinet falls down due to earthquake excitations.
Screening Table
In order to be cost-efficient, the SMA should incorporate a step where SSCs are quickly
screened from further review. In applications, a screening table is used based upon expe-
rience. The advantage of screening out SSCs from further review is that a great amount
of unnecessary HCLPF capacity computations are eliminated for SSCs whose HCLPF ca-
pacities clearly exceed the screening level ARLE, so that efforts can be quickly concentrated
on those SSCs for which there is a legitimate concern about seismic ruggedness. After
screening process, detailed seismic fragility analysis is performed for the SSCs that are
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VT
Tank T
fails
Manual Valve V1
fails to stay open
C1P1
Pump P1 
fails to operate
Check Valve CV1
fails to open
C2P2
Pump P2 
fails to operate
Check Valve CV2
fails to open
M1
MV1
fails to open
M3
MV3
fails to open
M2
MV2
fails to open
S
No ECI
Signal
Figure 6.7 The reduced fault tree of ECI system
not screened out. The outputs of seismic fragility analysis are HCLPF seismic capacities.
HCLPF Max/Min method is used to determine plant HCLPF seismic capacity.
Suppose that the ECI system is used in the reactor building of Darlington nuclear generat-
ing station (NGS).Since the NGS is located in eastern North America, the screening table can
be set at ARLE=0.3g PGA (EPRI-NP-6041-SL, EPRI, 1991a). For illustration, assume that
manual valve V, pumps PI, check valves CVI, and motor-operated valve MVI are screened
out. The water tank T and electric cabinet are identified as “weak link” components, hence
detailed seismic fragility analysis needs to be performed for these two components.
6.2.2 Current Seismic Fragility Analysis for Water Tank
In this Section, current seismic fragility analysis is performed for determining HCLPF
seismic capacitiy of the water tank.
6.2.2.1 Basic Configuration of Water Tank
Water tank in Section 7 of EPRI TR-103959 (EPRI, 1994) is used in this example. Geometry
information of the water tank is shown in Figure 6.8. The tank radius R is 20 feet, while
the water height H is 37 feet when it is full. The overall tank height to the top of its dome
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roof is 43.4 feet, which is about twice as high as its radius. This tank was built with only
a minimal number of hold-down anchor bolts consisting of eight 2-inch diameter A307
bolts around its circumference (8 @45◦). These bolts provide hold-down forces to the tank
shell through the top plate of well-designed bolt chairs at a height Hc of 24.75 inches above
the tank bottom. The bolts are anchored into the concrete foundation through an anchor
plate at a depth Ha of 28.5 inches. The bolt chairs, their attachment to the tank, and the
bolt anchorage are sufficient to develop the full capacity of the bolts. The tanks shell is
SA240-Type 304 stainless steel. Detailed properties of the water tank are listed in Table 6.1.
Figure 6.8 Basic configuration of the water tank
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Table 6.1 Deterministic Properties of Water Tank
Property Parameter Value
Water Tank
Radius R 20 ft
Height of bottom to water surface (when full) H 37 ft
Height of bottom to roof Hr 43.4 ft
Shell thickness (varies with height) ts
Bottom to 6 ft 3/8 in
6 ft to 14 ft 1/4 in
14 ft to 37 ft 1/4 in
Roof thickness tr 5/16 in
Bottom plate thickness t
b
1/4 in
Tank weight
Bottom plate W
b
12.8 kips
Shell (bottom to 37 ft) Ws 44.9 kips
Roof Wr 17.2 kips
Water weight Ww 2900 kips
Height of bottom to center of gravity
Bottom plate H
cr, b
0
Shell H
cg, s
16.4 ft
Roof H
cg, r
42 ft
Water (when full) H
cg, w
18.5 ft
A307 Bolt
Bolt diameter D 2 in
Number of bolts around tank circumference N 8
Bolt chair height Hc 24.75 in
Embedment length Ha 28.5 in
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Potential Failure Mode
For this water tank, only one potential failure mode, i.e., overturning moment induced
rupture of the water tank near its connection to its base, due to a combination of excessive
tank wall buckling, bolt stretching, and excessive baseplate uplift, is considered (EPRI TR-
103959, EPRI, 1994). This failure mode has been selected for review because:
• it generally controls the seismic capacity of a minimally anchored tank,
• it is the controlling failure mode for the Conservative Deterministic Failure of Margin
capacity of the water tank (see Figure 6.8) as was shown in Appendix H of EPRI
NP-6041 (EPRI, 1991a), and
• it is one of the more complex and controversial failure modes to evaluate.
Modal Information
EPRI NP-6041 (EPRI, 1991a) gives the best estimate natural frequency F =6 Hz for the
horizontal fundamental impulsive mode. This is the only significant mode which influences
the overturning moment response (EPRI NP-6041-SL, EPRI, 1991a). The best estimate
(median) and plus/median one logarithmic standard deviation estimate (±1β) parameter
values for this mode are given in Table 6.2. The uncertainties in frequency and damping can
be calculated given a specified Review Level Earthquake (RLE).
Table 6.2 Horizontal Impulsive Mode Variability (Table 7-2, EPRI, 1994)
Parameter −1β Median +1β
Frequency (Hz) 4.8 6.0 6.6
Damping 3% 5% 7%
6.2.2.2 Review Level Earthquake
Assume the water tank is located on ground floor of a reactor building in Darlington
nuclear generating station (NGS). A generic ground response spectrum (GRS) such as
NUREG/CR-0098 median response spectrum (abbreviated as NUREG spectrum) or a site-
specific uniform hazard spectrum (UHS), can be defined as RLE.
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In this example, spectral acceleration at 50 Hz is taken as PGA. PGA is chosen as GMP
in determining HCLPF seismic capacity of the water tank. Since Darlington NGS is located
in eastern North America, screening level can be taken as ARLE=0.3g PGA. Figure 6.9
gives NUREG spectrum and site-specific UHS anchoring to PGA at ARLE=0.3g. In the
following, NUREG spectrum and site-specific UHS are chosen as RLE separately to perform
seismic fragility analysis for the water tank.
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Figure 6.9 NUREG spectrum and site-specific UHS anchoring to PGA at 0.3g
6.2.2.3 Current Seismic Fragility Analysis - NUREG Spectrum is RLE
NUREG spectrum anchoring to PGA at screening level 0.3g is defined as RLE. The vertical
GRS is assumed to be 2/3 of the horizontal input over the entire frequency range. The water
tank is subjected to earthquake excitations in three directions.
Median Seismic Demand
For this water tank, only the horizontal fundamental impulsive mode at F=6 Hz is consid-
ered. Based on NUREG spectrum in Figure 6.9, spectral acceleration SA( F=6 Hz) is equal
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to 0.636g. The overturning moment response is given by (EPRI NP-6041-SL, EPRI, 1991a)
MR = SA( F )
[
Wr ·Hcg, r + Ws ·Hcg, s + Wb·Hcg, b + WI ·Hcg, I
]
, (6.2.2)
where Wr, Ws, Wb, Hcg, r, Hcg, s, and Hcg, b are given in Table 6.1. WI is the effective
impulsive weight of contained fluid and H
cg, I
is the effective height of bottom to its center
of gravity.
When H/R>1.5, WI and Hcg, I can be determined by (EPRI NP-6041-SL, EPRI, 1991a)
WI
Ww
= 1.0 − 0.436(R/H), (6.2.3a)
H
cg, I
H
= 0.5 − 0.188(R/H), (6.2.3b)
where Ww is the weight of water and H is the height of bottom to the water surface.
For this water tank, H/R=1.85>1.5. Substituting H/R=1.85 into equations (6.2.3a)
and (6.2.3b) gives
WI = 0.764Ww, Hcg, I = 0.398H, (6.2.4)
where Ww and H are given in Table 6.1.
Substituting weight and height of center of gravity values into equation (6.2.2) gives
MR = 0.636[17.2×42+44.9×16.4+12.8×0+0.764(2900)×0.398(37)] = 21678 kip·ft.
(6.2.5)
It is recognized that seismic capacity of the water tank is mildly influenced by seismic
induced hydrodynamic pressure, it is necessary to scale the RLE to an estimate of median
seismic capacity Aˆm (EPRI TR-103959, EPRI, 1994). This estimate does not have to be very
precise since the seismic response influence on capacity is only mild. However, the estimate
Aˆm should generally be within 30% of the ultimately computed Am. So long as Aˆm is within
30% of Am, the error in computing Am resulting from using scaled seismic response is less
than 5% (EPRI TR-103959, EPRI, 1994).
In this example, Aˆm is taken as 0.54g PGA, which is consistent with Section 7 of EPRI
TR-103959 (EPRI, 1994). Therefore, the scale factor SF is given by
SF = 0.54g
ARLE
= 0.54g PGA
0.3g PGA
= 1.8. (6.2.6)
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For Aˆm, the estimate median largest horizontal overturning moment is given by
M
SR, m
= (SF)MR = 1.8×21678 = 39020 kip·ft. (6.2.7)
Median Structural Capacity
In this example, overturning moment rupture of the water tank near its connection to
its base is considered. Section 7 of EPRI TR-103959 (EPRI, 1994) provides the median
overturning moment capacity:
M
C, m
= 26800 kip·ft. (6.2.8)
Median Inelastic Energy Absorption Factor
For this water tank, inelastic energy absorption factor should be considered. Section 7 of
EPRI TR-103959 (EPRI, 1994) gives the median inelastic energy absorption factor by
F
µ, m
= 1.54. (6.2.9)
Median Seismic Capacity
Having obtained median overturning moment response and capacity, median strength
factor F
S,m
is given by
F
S, m
=
M
C, m
M
SR, m
= 26800 kip·ft
39020 kip·ft = 0.687. (6.2.10)
For this water tank, horizontal peak response is equal to 1.09 (Table 3-3, EPRI TR-
103959 EPRI, 1994). In this example, foundation-soil interaction effect is not considered,
and response spectrum analysis method is used to calculate overturning moment response,
hence median response factor F
RS,m
is given by
F
RS, m
= 1
1.09
= 0.92. (6.2.11)
Therefore, median factor of safety Fm is calculated as
Fm = Fµ, m FS, m FRS, m = 1.54×0.687×0.917 = 0.97. (6.2.12)
Finally, the median seismic capacity Am is determined by
Am = Fm · Aˆm = 0.97×0.54g PGA = 0.52g PGA, (6.2.13)
177
6.2 numerical example for emergency coolant injection system
which is pretty close to the estimate of median seismic capacity Aˆm so that iteration is
unnecessary.
Logarithmic Standard Deviations
Logarithmic standard deviations for basic response and capacity variables and taken in
accordance Sections 3 and 7 of EPRI-TR-103959 (EPRI, 1994). It is noted that horizon-
tal impulsive mode frequency ( F=6 Hz) is on the plateau of NUREG spectrum, thus no
frequency uncertainty in SA( F ). Since only one mode is considered in the evaluation of
overturning moment response, there is no mode combination uncertainty. In addition, ver-
tical earthquake component has no contribution on overturning moment response, hence
vertical earthquake component variability is not considered in response evaluation.
It is noted that damping uncertainty needs to be converted to be uncertainty SA( F ). This
uncertainty is obtained from the ground response spectra with ζ =5% and 3% damping
values, i.e.,
βU =
1∣∣−1∣∣ ln SA( F=6 Hz, ζ =3%)SA( F=6 Hz, ζ =5%) = ln
0.739g
0.636g
= 0.15. (6.2.14)
The approximate second-moment procedure is applied to calculate variability of F due
to basic variables. Table 6.3 enumerates the logarithmic standard deviations of F due to
response and capacity variables.
HCLPF Seismic Capacity
Having obtained median seismic capacity Am and its variability, HCLPF seismic capacity
of the heat exchanger is calculated as
CHCLPF = Am e(βR+βU)8
−1(0.05) = 0.52×e−1.6449(0.229+0.244) = 0.24g PGA. (6.2.15)
6.2.2.4 Current Seismic Fragility Analysis - UHS is RLE
Site-specific UHS anchoring to 0.3g PGA (see Figure 6.9) is chosen as RLE and defined as
horizontal seismic input. The vertical seismic input can be obtained using V/H ratios given
in Table 3.8 (AMEC, 2009). The water tank is subjected to earthquake excitations in three
directions.
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Table 6.3 The Variability of F due to Response and Capacity Variables
Case Variable Randomness Uncertainty F β
0 Base Case Variable at median 0.97
Response Variables Variable at median plus 1σ F1σ βR βU
1 Earthquake response spectrum shape SA( F ) e
0.20 SA( F ) e
0.20 0.79 0.20 0.20
2 Water tank damping SA( F ) e
0.15 0.83 0.15
3 Water tank modelling SA( F ) e
0.07 0.90 0.07
Capacity Variables Variable at median minus 1σ F−1σ βR βU
4 Inelastic energy absorption M
C,m
e−0.03 M
C,m
e−0.08 0.94 0.03 0.08
5 Buckling capacity M
C,m
e−0.02 0.95 0.02
6 Anchor bolt tension capacity M
C,m
e−0.08 0.90 0.08
7 Fluid pressure M
C,m
e−0.04 M
C,m
e−0.03 0.93 0.04 0.03
8 Fluid pressure M
C,m
e−0.04 M
C,m
e−0.03 0.93 0.04 0.03
9 Water tank uplift M
C,m
e−0.04 M
C,m
e−0.08 0.93 0.04 0.08
10 Equation error M
C,m
e−0.10 0.88 0.10
SRSS Combination βR βU
0.229 0.244
βC 0.335
Median Seismic Demand
Based on site-specific UHS,spectral acceleration SA( F=6 Hz) at horizontal impulsive mode
is equal to 0.488g. Thus the overturning moment response is determined by equation
(6.2.2), i.e.,
MR = 0.488[17.2×42+ 44.9×16.4+ 12.8×0+ 0.764(2900)×0.398(37)] = 16634 kip·ft.
(6.2.16)
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Median Seismic Capacity
In Section 6.2.2.3, median seismic capacity is equal to 0.52g PGA. Recall that ratio of SA( F )
to PGA is equal to 2.12 from NUREG spectrum. Therefore, given PGA=0.52g, SA( F ) is
calculated as
SA( F ) = 2.12×0.52g = 1.10g. (6.2.17)
From equation (6.2.2), given SA( F )=1.10g, overturning moment response is calculated
as
M
R, m
=1.10[17.2×42+44.9×16.4+12.8×0+0.764(2900)×0.398(37)]=37494 kip·ft.
(6.2.18)
Therefore, scale factor SF that converts screening level ARLE of 0.3g PGA to median
seismic capacity is determined by
SF =
M
R, m
MR
= 37494 kip·ft
16634 kip·ft = 2.254. (6.2.19)
Therefore, median seismic capacity of water tank is given by
Am = (SF)ARLE = 2.254×0.3g PGA = 0.676g PGA. (6.2.20)
Comparing to Am of 0.52g PGA in equation (6.2.13), there is 30% increase in median
seismic capacity estimate.
Logarithmic Standard Deviations
Logarithmic standard deviations for basic response and capacity variables and taken in
accordance Sections 3 and 7 of EPRI-TR-103959 (EPRI, 1994). Since site-specific UHS is
defined as RLE, there is no earthquake response spectrum shape variability.
It is noted that uncertainties in frequency and damping need to be converted to be
uncertainties in SA( F ):
§ Damping
The uncertainty βU in SA( F ) due to damping uncertainty is obtained from the site-
specific UHS with ζ =5% and 3% damping values:
βU =
1∣∣−1∣∣ ln SA( F=6 Hz, ζ =3%)SA( F=6 Hz, ζ =5%) = ln
0.585g
0.488g
= 0.18. (6.2.21)
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§ Frequency
The uncertainty βU in SA( F ) due to frequency uncertainty is obtained from the site-
specific UHS at frequencies 6 and 6.6 Hz (+1β) :
βU =
1
1
ln
SA( F=6.6 Hz, ζ =5%)
SA( F=6 Hz, ζ =5%)
= ln 0.502g
0.488g
= 0.03. (6.2.22)
The approximate second-moment procedure is applied to calculate variability of F due
to basic variables. Table 6.4 enumerates the logarithmic standard deviations of F due to
response and capacity variables.
HCLPF Seismic Capacity
Having obtained median seismic capacity Am and its variability, HCLPF seismic capacity
of the heat exchanger is calculated as
CHCLPF = Am e(βR+βU)8
−1(0.05) = 0.676×e−1.6449(0.076+0.264) = 0.386g PGA. (6.2.23)
Comparing to 0.24g PGA in equation (6.2.15), there is 60% increase in HCLPF seismic
capacity estimate.
6.2.2.5 Discussion of HCLPF Seismic Capacity
Comparing to using NUREG spectrum as RLE, using site-specific UHS as RLE leads to a
significant increase in HCLPF seismic capacity. Two sources contribute to this change:
1. NUREG spectrum is much higher at F=6 Hz, which leads to overestimation of me-
dian seismic demand thus underestimation of Am, i.e., 0.52g PGA (obtained from
NUREG spectrum) compared to 0.676g PGA (based on UHS).
2. There is no earthquake response spectrum shape variability in site-specific UHS. As a
result, βC of composite variability is significantly reduced, i.e., 0.274 (obtained from
UHS) compared to 0.335 (based on NUREG spectrum).
By using site-specific UHS as RLE, HCLPF seismic capacity is greater than screening level
ARLE of 0.3g PGA. Therefore, water tank actually satisfies the seismic margin requirement.
It is unnecessary to redesign the water tank for increasing its overturning moment capacity.
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Table 6.4 The Variability of F due to Response and Capacity Variables
Case Variable Randomness Uncertainty F β
0 Base Case Variable at median 1
Response Variables Variable at median plus 1σ F1σ βR βU
1 Water tank frequency SA( F ) e
0.03 0.97 0.03
2 Water tank damping SA( F ) e
0.18 0.84 0.18
3 Water tank modelling SA( F ) e
0.07 0.93 0.07
Capacity Variables Variable at median minus 1σ F−1σ βR βU
4 Inelastic energy absorption M
C,m
e−0.03 M
C,m
e−0.08 0.97 0.03 0.08
5 Buckling capacity M
C,m
e−0.02 0.98 0.02
6 Anchor bolt tension capacity M
C,m
e−0.08 0.92 0.08
7 Fluid pressure M
C,m
e−0.04 M
C,m
e−0.03 0.96 0.04 0.03
8 Fluid pressure M
C,m
e−0.04 M
C,m
e−0.03 0.96 0.04 0.03
9 Water tank uplift M
C,m
e−0.04 M
C,m
e−0.08 0.96 0.04 0.08
10 Equation error M
C,m
e−0.10 0.90 0.10
SRSS Combination βR βU
0.076 0.264
βC 0.274
6.2.3 Current Seismic Fragility Analysis for Electric Cabinet
6.2.3.1 Basic Configuration of Electric Cabinet
The electric cabinet in section 9 of EPRI-TR-103959 (EPRI, 1994) is used in the ECI system.
Details of the cabinet is shown in Figure 6.10 and properties are listed in Table 6.5. It has
a height H, width B, and length L of 96 inches, 30 inches and 48 inches, respectively. It is
anchored by four 0.5 inch diameter WEJ-IT expansion bolts as shown in Figure 6.10. The
base of the cabinet has a strong, stiff frame through which the bolts are attached near each
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corner of the cabinet so that the anchorage capacity is controlled by the bolts and not by the
cabinet base. The concrete floor on which the cabinet locates contains an 18-inch by 36-inch
cutout for passage of electrical cables into the cabinet. The cabinet is estimated to weight
about 3500 pounds (3.5 kip) and is located at the ground floor of the reactor building. The
cabinet center of gravity is estimated to be at mid-height (48 inches above the base).
Figure 6.10 The geometry information of electric cabinet
6.2.3.2 Seismic Demand Analysis
The electric cabinet is subjected to earthquake excitations from three directions. The fun-
damental frequencies of the electric cabinet in two horizontal directions are both estimated
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Table 6.5 Deterministic Properties of Electric Cabinet
Property Parameter Value
Electric Cabinet
Length L 48 in
Width B 30 in
Height to center of gravity Hcg 48 in
Weight W 3500 lb
WEJ-IT Expansion Bolt
Bolt diameter D 1/2 in
Number of bolts in H1 direction N1 2
Number of bolts in H2 direction N2 2
Distance between anchor bolts in H1 direction D1 26 in
Distance between anchor bolts in H2 direction D2 44 in
to be F H=8 Hz. Since the cabinet is seismically robust in vertical direction, fundamental
frequency in this direction is taken as FV=50 Hz.
Definition of RLE
Seismic fragility analysis for the water tank shows that using site-specific UHS as RLE more
accurately estimates its seismic capacity. Therefore, for the cabinet, site-specific UHS (see
Figure 6.9) is chosen as RLE and defined as seismic input in two horizontal directions. The
vertical seismic input can be determined using V/H ratios (AMEC, 2009).
Based on horizontal and vertical seismic inputs, spectral accelerations are determined
and presented in Table 6.6. Response spectrum analysis method is used to calculate seismic
demand of the cabinet.
Median Seismic Demand in H1 Direction
In the H1 direction, under seismic excitation, the tank is subjected to an inertia force
equal to the product of its weight W and the spectral acceleration aH = 0.53g, as shown in
Figure 6.11. The inertia force is then transferred to the supports, exerting tension and shear
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Table 6.6 Spectral Values at Frequencies in Three Directions
Direction Frequency (Hz) SA (g)
H1 8 0.53
H2 8 0.53
Vertical 50 0.865×0.3 = 0.259
force on anchor bolts. Assume that all anchor bolts are in elastic tension and shear during
earthquake excitations. The geometric information of the cabinet is given in Table 6.5.
Figure 6.11 Forces due to earthquake excitations in two horizontal directions
Shear force is induced in all the anchor bolts in all the supports evenly. For a single bolt,
the shear force is
VH1 =
W ·aH
N1 ·N2
= 3.5×0.53
2×2 = 0.464 kips. (6.2.24)
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Tension forces in the support are due to the moment W ·aH ·Hcg, as shown in Figure 6.11.
For the critical anchor bolts, the tension force is given by
NH1 =
W ·aH ·Hcg
N2 ·D1
= 3.5×0.53×48
2×26 = 1.712 kips. (6.2.25)
Median Seismic Demand in H2 Direction
In the transverse direction, under seismic excitation, the seismic loading due to transverse
excitation is also transferred to the supports, exerting tension and shear forces in the
anchor bolts, as shown in Figure 6.11. Shear force is induced in all the anchor bolts in all
the supports evenly. For a single bolt, the shear force is
VH2 =
W ·aH
N1 ·N2
= 3.5×0.53
2×2 = 0.464 kips. (6.2.26)
The moment induces tension forces in the anchor bolts at 2 locations, as shown in Figure
6.11. For the critical anchor bolts, the tension is
NH2 =
W ·aH ·Hcg
N1 ·D2
= 3.5×0.53×48
2×44 = 1.012 kips. (6.2.27)
Median Demand in Vertical Direction
In the vertical direction, under seismic excitation, the inertial force of the tank due to vertical
acceleration aV = 0.259g is transferred to the support as pure tension force, without shear
force. All anchor bolts share the seismic load evenly so that the tension force is
NV =
W · aV
N1 ·N2
= 3.5×0.259
2×2 = 0.227 kips. (6.2.28)
When the bolts are in tension, the dead load of the electric cabinet also exerts forces in the
anchor bolts. All the bolts share the dead load evenly as
NDL =
−W
N1 ·N2
= −3.5
2×2 = −0.875 kips. (6.2.29)
Combination of Seismic Demand from Three Directions
100-40-40 percent combination rule is used to combine the maximum responses from the
three earthquake components calculated separately (USNRC, 2006). To combine the effect
of the three earthquake components on the critical anchor bolt, first assuming that the H1
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direction controls and then assuming that the H2 direction controls. It is obvious that the
vertical direction will not control; thus this case is not considered further.
1. H1 direction controls
• Tension force in the critical anchor bolt is
NH1 = NH1 + 0.4 NH2 + 0.4 NV
= 1.0×1.712 + 0.4×1.012 + 0.4×0.227 = 2.208 kips. (6.2.30)
• Shear force in the critical anchor bolt is
VH1 =
√
(VH1)
2 + (0.4VH2)2 =
√
0.4642 + (0.4×0.464)2 = 0.50 kips. (6.2.31)
2. H2 direction controls
• Tension force in the critical anchor bolt is
NH2 = NH2 + 0.4 H1 + 0.4 NV
= 1.0×1.012 + 0.4×1.712 + 0.4×0.227 = 1.787 kips. (6.2.32)
• Shear force in the critical anchor bolt is
VH2 =
√
(VH2)
2 + (0.4VH1)2 =
√
0.4642 + (0.4×0.464)2 = 0.50 kips. (6.2.33)
The tension and shear demand of the electric cabinet are summarized in Table 6.7. It is
easily to find that the H1 direction is the controlling direction.
Table 6.7 Median Tension and Shear Demand of Electric Cabinet
Controlling Direction Shear Force (kips) Tension Force (kips)
H1 0.50 2.208
H2 0.50 1.787
6.2.3.3 Structural Capacity Analysis
It is assumed that the cabinet itself was designed to be seismically robust. As in Section
6.2.3.1, anchorage capacity is controlled by the bolts and not by the cabinet base. According
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to EPRI-NP-6041-SL (EPRI, 1991a) and ACI 349-06 (ACI, 2007), median shear and tension
capacities of an anchor bolt are obtained as
VST = 0.65×1.0×7.14 = 4.64 kips,
NST = 0.75×0.95×6.87 = 4.89 kips. (6.2.34)
6.2.3.4 Median Seismic Capacity
Since anchor bolts are subjected to tension and shear simultaneously, a tension-shear
interaction relationship, as shown in Figure 6.12, is used (EPRI, 1991b).
1.0
1.0
V
Vm
N
Nm
0.3
Bilinear Interaction Approach
Figure 6.12 Interaction relationship of tension and shear
To determine the median strength factor, two regions in Figure 6.12, i.e., pure tension
region and shear/tension region are considered.
• Pure tension region
The median strength factor is given by
F
S1, m
= C − DNS
DS +1CS
= NST − NDL
NH1
= 4.89 − (−0.875)
2.208
= 2.61. (6.2.35)
• Shear/Tension region
The median strength factor is given by
F
S2, m
= C−DNS
DS+1CS
=
VST−0.7
VST
NST
NDL
VH1+0.7
VST
NST
NH1
=
4.64 − 0.7× 4.644.89 ×(−0.875)
0.50 + 0.7× 4.644.89 ×2.208
= 2.66.
(6.2.36)
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It shows that, the controlling failure mode is pure tension failure of the critical anchor bolt
in H1 direction. Hence median strength factor FS, m is equal to 2.61.
In this example, foundation-soil interaction effect is not considered. Recall that fun-
damental frequencies in two horizontal directions are the same, thus horizontal direction
peak response variability does not need to be considered. In addition, response spectrum
analysis method is applied to calculate structural response of the cabinet. Therefore, me-
dian response factor FRS, m is equal to 1. Neglecting inelastic energy absorption effects, i.e.,
Fµ = 1.0, median factor of safety Fm is thus given by
Fm = Fµ ·FRS, m ·FS, m = 1.0×1.0×2.61 = 2.61. (6.2.37)
Finally, median seismic capacity of the electric cabinet in terms of PGA is
Am = Fm ·ARLE = 2.61×0.30 g PGA = 0.783 g PGA. (6.2.38)
6.2.3.5 Logarithmic Standard Deviations
Logarithmic standard deviations for basic response and capacity variables and taken in
accordance EPRI-TR-103959 (EPRI, 1994). It is noted that damping and frequency uncer-
tainties need to be converted to be uncertainties on spectral accelerations in horizontal and
vertical directions.
§ Damping
Assume the median damping for the electric cabinet is 5% and the damping at the −1σ
level is 3%. The uncertainty βU in ground response spectrum due to uncertainty in
damping is obtained from the ground response spectra with ζ =5% and 3% damping
values.
• In horizontal direction:
βU =
1∣∣−1∣∣ ln SA( F=8 Hz, ζ =3%)SA( F=8 Hz, ζ =5%) = ln
0.632g
0.533g
= 0.17. (6.2.39)
• In vertical direction:
Since SA( FV) returns to PGA, damping uncertainty in vertical direction has no
effects on the response spectral acceleration value.
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§ Frequency
• In horizontal direction:
Since F H=8 Hz in two horizontal directions, the uncertainty βU in modal
frequency is 0.10 for simple equipment models, according to EPRI-TR-103959
(EPRI, 1994). Around 8 Hz, spectral acceleration increases when frequency
increases. Hence, at the 1σ level, the frequency is 8 ·e0.10=8.84 Hz. Therefore,
the uncertainty βU in spectral acceleration in the horizontal direction due to
modal frequency variation is
βU =
1
1
ln
SA( F=8.84 Hz, ζ =5%)
SA( F=8 Hz, ζ =5%)
= ln 0.55g
0.53g
= 0.03. (6.2.40)
• In vertical direction:
Since spectral acceleration around FV = 50 Hz returns to PGA, frequency un-
certainty in vertical direction has no effects on SA( FV).
Table 6.11 (the third and fourth columns) enumerates the logarithmic standard devi-
ations for all basic variables. The approximate second-moment procedure is applied to
calculate variability of F due to basic variables, as shown in Table 6.11 (the sixth and
seventh columns).
6.2.3.6 Seismic Fragility Curves and HCLPF Seismic Capacity
Seismic fragility curves of the cabinet are shown in Figure 6.13. In addition, one can obtain
HCLPF seismic capacity of the cabinet as
CHCLPF = Am e(βR+βU)8
−1(0.05) = 0.782×e−1.6449(0.19+0.43) = 0.283g PGA. (6.2.41)
It can be seen that, HCLPF seismic capacity of the cabinet is smaller than ARLE=0.3g
PGA even if site-specific UHS is chosen as RLE. Based on HCLPF Max/Min method, HCLPF
seismic capacity of the ECI system is equal to HCLPF seismic capacity of the cabinet, which
does not satisfy seismic margin requirement.
To more accurately estimate seismic capacity of the cabinet, weighting seismic fragility
analysis has to be performed.
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Table 6.8 The Variability of F due to Response and Capacity Variables
Case Variable Randomness Uncertainty F β
0 Base Case Variable at median 2.61
Response Variables Variable at median plus 1σ F1σ βR βU
1 Vertical component response SA( F V) e
0.34 2.57 0.015
2 Cabinet frequency SA( F H) e
0.03 2.53 0.03
3 Cabinet damping SA( F H) e
0.17 2.20 0.17
4 Cabinet mode shape SA( F H) e
0.10 2.37 0.10
5 Cabinet mode combination SA( F H) e
0.10 2.37 0.10
6 Earthquake component combination
Abs. Sum
at 2.3σ
2.22 0.16
Capacity Variables Variable at median minus 1σ F−1σ βR βU
7 Anchor bolts
VST e
−0.34
NST e
−0.47 1.78 0.38
SRSS Combination βR βU
0.19 0.43
βC 0.47
6.2.4 Weighting Seismic Fragility Analysis for Electrical Cabinet
In this Section, weighting seismic fragility curves of the cabinet are developed based on
vector-valued PSHA (VPSHA) and seismic fragility analysis considering vector-valued
GMPs (VGMPs).
6.2.4.1 Weights of Input GRS
Since the fundamental frequencies of the cabinet in two horizontal directions are both
equal to F H=8 Hz, two GMPs, i.e., SA( F H) and PGA, are chosen as VGMPs. VPSHA is
performed to calculate mean annual rate density of SA( F H)
∣∣PGA. The lower and upper
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Figure 6.13 Seismic fragility curves of the electric cabinet
bound values are 0.05g and 2.5g for PGA, and 0.1g and 5g for SA( F H). Both PGA and
SA( F H) are uniformly discretized into 100 intervals in logarithmic scale.
Mean annual rate density of SA( F H)
∣∣PGA at three PGA values are shown in Figure
6.14. Given a PGA value, the weights of input GRS with spectral values of SA( F H) can be
determined by equations in Chapter 4. Changing the spectral value of SA( F H) from 0.1g
to 5g, the weights for all input GRS intervals can be obtained, as shown in Figure 6.15.
6.2.4.2 Seismic Fragility Analysis considering VGMPs
Since two GMPs are used, a great number of input GRS are needed to be defined as input
GRS (see Figure 6.16). In the following, conditional probability of failure of the cabinet
given an input GRS, as shown in Figure 6.16, is calculated for example.
Seismic Demand Analysis
Table 6.9 summarizes spectral accelerations at frequencies in three directions. Median
tension and shear demand of the cabinet are determined and summarized in Table 6.10. It
is easy to find that H1 direction is the controlling direction.
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Figure 6.16 An example of horizontal input GRS
Table 6.9 Spectral Values at Frequencies in Three Directions
Direction Frequency (Hz) SA (g)
H1 8 0.8
H2 8 0.8
Vertical 50 0.865×0.6 = 0.519
Table 6.10 Median Tension and Shear Demand of Electric Cabinet
Controlling Direction Shear Force (kips) Tension Force (kips)
H1 0.754 3.377
H2 0.754 2.743
Median Ratio Factor
To determine the median strength factor given the input GRS, two regions, i.e., pure tension
region and shear/tension region are considered.
• Pure tension region
The median strength factor is given by
F
S1, m
= C − DNS
DS +1CS
= NST − NDL
NH1
= 4.89 − (−0.875)
3.377
= 1.71. (6.2.42)
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• Shear/Tension region
The median strength factor is given by
F
S2, m
= C−DNS
DS+1CS
=
VST−0.7
VST
NST
NDL
VH1+0.7
VST
NST
NH1
=
4.64 − 0.7× 4.644.89 ×(−0.875)
0.754 + 0.7× 4.644.89 ×3.377
= 1.74.
(6.2.43)
It shows that, the controlling failure mode is pure tension failure of the critical anchor bolt
in H1 direction. Having obtained median strength factor FS, m = 1.71, median ratio factor
Rm(0.6, 0.8) given the input GRS can be determined by
Rm(0.6, 0.8) = Fµ ·FRS, m ·FS, m = 1.0×1.0×1.71 = 1.71. (6.2.44)
Logarithmic Standard Deviations
The approximate second-moment procedure is applied to calculate variability of ratio factor
R due to basic variables. The variability from basic variables are enumerated in Table 6.11.
Determination of Seismic Fragility
Having obtained median ratio factor Rm and logarithmic standard deviations βR and βU ,
given the input GRS, conditional probability of failure p
F, q
(
0.6, 0.8
)
, at confidence level
Q = q, can be determined by
p
F, q
(
0.6, 0.8
∣∣Q=q) = 8{ ln(1/Rm)+ βU8−1(q)
βR
}
. (6.2.45)
In applications, confidence level Q is usually taken as discrete values. Taking confidence
level Q = 95% for example, p
F, q
(
0.6, 0.8
∣∣Q = 0.95) is given by
p
F, q
(
0.6, 0.8
∣∣Q=0.95) = 8{ ln(1/1.71)+ 0.43×8−1(0.95)
0.19
}
= 0.821. (6.2.46)
When composite variability is used, composite (mean) seismic fragility p
F, C
(
0.6, 0.8
)
is
calculated as
p
F, C
(
0.6, 0.8
) = 8{ ln(1/Rm)
βC
}
= 8
{
ln(1/1.71)
0.47
}
= 0.128. (6.2.47)
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Table 6.11 The variability of R due to Response and Capacity Variables
Case Variable Randomness Uncertainty R β
0 Base Case Variable at median 1.71
Response Variables Variable at median plus 1σ R1σ βR βU
1 Vertical component response SA( F V) e
0.34 1.67 0.02
2 Cabinet frequency SA( F H) e
0.03 1.66 0.03
3 Cabinet damping SA( F H) e
0.17 1.44 0.17
4 Cabinet mode shape SA( F H) e
0.10 1.55 0.10
5 Cabinet mode combination SA( F H) e
0.10 1.55 0.10
6 Earthquake component combination
Abs. Sum
at 2.3σ
1.45 0.16
Capacity Variables Variable at median minus 1σ R−1σ βR βU
7 Anchor bolts
VST e
−0.34
NST e
−0.47 1.16 0.38
SRSS Combination βR βU
0.19 0.43
βC 0.47
Development of Seismic Fragility Surfaces
Defining input GRS with spectral acceleration values at three frequencies from other inter-
vals of spectral domain, and repeating the procedure for calculating conditional probability
of failure values result in a family of seismic fragility surfaces, as shown in Figure 6.17.
6.2.4.3 Weighting Seismic Fragility Curves
Having obtained the weights of input GRS and seismic fragility surfaces, the weighting
seismic fragility in terms of PGA, at confidence level Q=q is determined by
p¯
F, q
(s0) =
100∑
I1= 1
[
p
F, q
(
s
(I1)
1 , s0
) ·w(s(I1)1 6 s16 s(I1+1)1 ∣∣ s0)], (6.2.48)
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Figure 6.17 Seismic fragility surfaces of SA( FH) and PGA
where I1=100 is the number of intervals of SA( F H).
When composite variability is used, weighting mean seismic fragility is calculated as
p¯
F, C
(s0) =
100∑
I1= 1
[
p
F, C
(
s
(I1)
1 , s0
) ·w(s(I1)1 6 s16 s(I1+1)1 ∣∣ s0)], (6.2.49)
where p
F, C
(
s
(I1)
1 , s0
)
is mean seismic fragility given the input GRS.
Changing PGA values from lower bound of 0.05g to upper bound of 2.5g results in
weighting seismic fragility curves, as shown in Figure 6.18. The conventional seismic
fragility curves of the cabinet in Section 6.2.3 are plotted together with the weighting
curves. It shows that the weighting median seismic capacity of the cabinet has 76.2%
increase, i.e., from 0.782g PGA to 1.378g PGA. In addition, HCLPF seismic capacity of the
cabinet, as shown in Figure 6.19, has 31.5% increase (from 0.283g PGA to 0.372g PGA).
Both results indicate that weighting seismic fragility analysis method can more accurately
estimate median and HCLPF seismic capacity of the cabinet.
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Figure 6.18 Seismic fragility curves of the electric cabinet based on two methods
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Figure 6.19 HCLPF seismic capacity of the electric cabinet based on two methods
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6.2.5 HCLPF Seismic Capacity of ECI System
As in Section 6.2.1, manual valve V, pump system and injection line are screened out. From
the reduced fault tree in Figure 6.7, water tank T and electric cabinet S are connected by
a “OR” gate. Based on HCLPF Max/Min method, the smaller one of HCLPF capacities of
these two components is taken as HCLPF seismic capacity of the ECI system.
Detailed seismic fragility analysis is performed for calculating HCLPF seismic capacities
of these two components. The results are presented as follows:
§ Current seismic fragility analysis is performed
• NUREG spectrum is chosen as RLE
HCLPF seismic capacity of water tank is less than screening level ARLE of 0.3g
PGA. Therefore, ECI system does not meet seismic margin requirement.
• Site-specific UHS is chosen as RLE
HCLPF seismic capacity of water tank exceeds 0.3g PGA, while HCLPF seismic
capacity of electric cabinet is less than 0.3g PGA. Hence ECI system does not meet
the seismic margin requirement.
It shows that the ECI system cannot meet seismic margin requirement based on
current method.
§ Current and weighting seismic fragility analysis are performed
• Current seismic fragility analysis (site-specific UHS is chosen as RLE) is performed
to calculate HCLPF seismic capacity of the water tank, and
• weighting seismic fragility analysis is conducted to determine that of the electric
cabinet.
The results show that HCLPF seismic capacities of the water tank and cabinet both
exceed 0.3g PGA, thus the ECI system finally meets requirement.
It can be seen that combining current and weighting seismic fragility analysis methods
can more accurately estimate HCLPF seismic capacity of the ECI system so that get rid of
unnecessary redesign cost of the cabinet.
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6.3 Summary
In this Chapter, Seismic Margin Assessment (SMA) is introduced first. In current SMA,
HCLPF seismic capacities of these SSCs are defined as input in analysis. HCLPF Max/Min
method is then applied to determine plant HCLPF seismic capacity.
Accurate HCLPF seismic capacity estimates of “weak link” structures, systems, and com-
ponents (SSCs) are crucial in evaluating plant HCLPF seismic capacity. An improved SMA
procedure is firstly proposed for this purpose:
§ weighting seismic fragility analysis is performed for “weak link” SSCs, and
§ current seismic fragility analysis is conducted for less important SSCs.
This ensures that more accurate plant seismic capacity is obtained while computational cost
is acceptable.
HCLPF seismic capacity of a simplified emergency coolant injection (ECI) system is
evaluated as an example. Water tank and electric cabinet are assumed to be “weak link”
SSCs. Current and improved SMA procedures are conducted separately for the ECI system:
1. Current SMA procedure is performed
Current seismic fragility analysis is performed to determine HCLPF seismic capacities
of the water tank and cabinet. The results show that HCLPF seismic capacity of the
water tank exceeds screening level of ARLE=0.3g PGA, while HCLPF seismic capacity
of the cabinet is less than 0.3g PGA.As a result, the ECI system does not satisfy seismic
margin requirement.
2. Improved SMA procedure is performed
Weighting seismic fragility analysis method is conducted for the cabinet, while current
seismic fragility analysis is performed for the water tank. The results show that HCLPF
seismic capacities of the water tank and cabinet are both greater than 0.3g PGA, thus
the ECI system meets seismic margin requirement. The improved procedure effectively
gets rid of unnecessary redesign cost for the cabinet.
The improved SMA procedure should be used to more accurately estimate plant HCLPF
seismic capacity so that redesign cost for “weak link” SSCs is effectively reduced.
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Conclusions and Future Research
Seismic fragility analysis has been widely used to evaluate seismic capacities of structures,
systems, and components (SSCs) in nuclear power plants (NPPs). The seismic capacity is
represented by seismic fragility curves or a High Confidence and Low Probability of Failure
(HCLPF) seismic capacity, in terms of a single ground-motion parameter (GMP) such as
peak ground acceleration (PGA). Due to the use a single GMP, problems are observed in
engineering applications. This study aims to develop weighting seismic fragility analysis
method that overcomes the problems in current method thus achieves more accurate plant
seismic capacity and seismic risk estimates. Major contributions for this purpose and future
research are presented.
7.1 Mean Annual Rate Density Distribution
Seismic hazard represented by a Review Level Earthquake (RLE) is defined as seismic input
in seismic fragility analysis. In current engineering practice, site-specific uniform hazard
spectrum (UHS) is recommended to be defined as RLE. This study investigates the problems
due to the use of UHS as RLE:
1. In the generation of UHS, logarithmic spectral accelerations at any two frequencies are
fully correlated, thus the aleatory randomness in earthquake response spectra is not
properly captured.
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7.2 investigation of problems in seismic fragility analysis
2. Spectral shape of UHS at a specified seismic hazard is chosen as spectral shape of RLE,
hence ground motion intensity effect is not considered.
Vector-valued GMPs (VGMPs) are introduced to resolve above problems. The correla-
tions among VGMPs are properly considered in characterizing earthquake response spectra.
In two-dimensional case, for example, SA( F=5 Hz) and PGA are chosen as VGMPs. Vector-
valued PSHA (VPSHA) is firstly used to calculate mean annual rate density distribution,
which is represented by a set of curves given PGA values. The advantages of using mean
annual rate density distribution are presented:
1. Aleatory randomness in earthquake response spectra is properly captured
For a given PGA value, spectral values of SA( F ) yields a distribution instead of a
unique spectral value from UHS, accounting for aleatory randomness in SA( F ).
2. Ground motion intensity effect is considered
By taking PGA values from lower bound (e.g. 0.05g) to upper bound (e.g. 5g) values,
distributions of SA( F ) are calculated accounting for ground motion intensity effect.
3. Conservatism in the generation of UHS is effectively reduced
By introducing correlation coefficient between lnSA( F ) and lnPGA, conservatism in
predicting spectral value of SA( F ) for a given PGA value is reduced .
7.2 Investigation of Problems in Seismic Fragility Analysis
This study quantitatively investigates the influences of spectral shape of RLE and the use
of GMP on seismic capacity estimate of a horizontal heat exchanger. The results show
that both factors have noticeable effect on estimating HCLPF seismic capacity of the heat
exchanger:
1. Spectral shape influence
HCLPF seismic capacity (site-specific UHS is RLE) has 41.9% increase comparing to
that using NUREG/CR-0098 median rock response spectrum as RLE.
2. Use of GMP
HCLPF seismic capacity (average spectral acceleration S¯A between 5 and 10 Hz is
GMP) has 14.6% increase comparing to that using PGA as GMP.
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7.3 seismic fragility analysis considering vgmps
When performing current seismic fragility analysis for safety-related SSCs in NPPs that
are located in eastern North America, two recommendations are provided:
1. Site-specific UHS should be defined as RLE.
2. When a generic ground response spectrum (GRS) is chosen as RLE, average spectral
acceleration S¯A between 5 and 10 Hz should be taken as GMP.
7.3 Seismic Fragility Analysis considering VGMPs
This study firstly proposes seismic fragility analysis considering VGMPs method for achiev-
ing more accurate seismic capacity estimates of safety-related SSCs. The advantages of the
proposed method include that
§ generate a large number of input GRS accounting for aleatory randomness in earth-
quake response spectra;
§ efficiently generate floor response spectra using direct spectra-to-spectra method;
§ efficiently calculate seismic demand by means of response spectrum analysis method;
§ take account of multiple potential controlling failure modes in the development of
seismic fragility surfaces.
However, the results of seismic fragility analysis considering VGMPs are seismic fragility
surfaces in terms of VGMPs, which can not be directly used in Seismic Probabilistic Risk
Analysis (SPRA) and Seismic Margin Assessment (SMA).
7.4 Weighting Seismic Fragility Analysis
This study firstly proposes weighting seismic fragility analysis method for developing
weighting seismic fragility curves and HCLPF seismic capacities of safety-related SSCs
in terms of a single GMP. The key steps of the proposed method are presented as follows:
1. weights of input GRS are determined by mean annual rate density distribution;
2. seismic fragility in terms of VGMPs is obtained from seismic fragility analysis consid-
ering VGMPs;
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3. weighting process is performed for calculating weighting seismic fragility in terms of
a single GMP.
As a result, weighting seismic fragility curves and HCLPF seismic capacities of SSCs are
readily incorporated into SPRA and SMA.
7.5 Seismic Probabilistic Risk Analysis considering
VGMPs
This study further proposes SPRA considering VGMPs procedure for acquiring more accu-
rate seismic risk estimates of NPPs. The key elements of the proposed procedure include
§ performing scalar PSHA to obtain seismic hazard curves for a specified GMP such as
PGA,
§ conducting weighting seismic fragility analysis method to determine seismic fragili-
ties of safety-related SSCs in terms of the chosen GMP, and
§ convolving seismic hazard and weighting seismic fragility to calculate annual fre-
quency of occurrence of an adverse consequence such as core damage accident.
In engineering applications, engineers can combine the use of current and weighting
seismic fragility analysis methods for calculating seismic capacities of SSCs in NPPs, i.e.,
§ weighting seismic fragility analysis is performed for “weak link” SSCs, and
§ current seismic fragility analysis is conducted for less important SSCs.
This can make sure that more accurate seismic risk estimates of NPPs are obtained while
computational cost is acceptable.
7.6 Improved Seismic Margin Assessment
In current SMA, HCLPF seismic capacities of SSCs are defined as input in subsequent
system analysis. HCLPF Max/Min method is applied to propagate these HCLPF seismic
capacities to determine the plant seismic capacity. It is recognized that, the plant seismic
capacity is contributed most from HCLPF seismic capacities of “weak link” SSCs.
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7.7 future research
This study firstly proposes an improved SMA procedure for determining more accurate
plant seismic capacity. The procedure includes that
§ weighting seismic fragility analysis is performed for “weak link” SSCs, and
§ current seismic fragility analysis is conducted for less important SSCs.
This ensures that more accurate plant seismic capacity is obtained while computational cost
is acceptable, so that the unnecessary redesign cost for “weak link” SSCs is saved.
7.7 Future Research
It is recognized that, reactor buildings are usually designed to locate on rock sites. For
some reasons, reactor buildings probably locate on soil sites. For this case, soil-structure
interaction (SSI) effect need to be addressed, because they would significantly influence
the seismic input at foundation level of these reactor buildings. In the proposed weighting
seismic fragility analysis method, however, SSI effect is not taken into account. In future
research, a direct spectra-to-spectra method considering SSI effect should be developed to
calculate ground response spectra for equivalent fixed-base structural model.
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